Measured and perceived conditions of indoor environmental qualities (IEQ) of university learning environments in semi-arid tropics by Ali, Sani Muhammad
Measured and Perceived Conditions of Indoor Environmental Qualities 
(IEQ) of University Learning Environments in Semi-arid Tropics: a Field 
Study in Kano-Nigeria 
 
 
 
 
 
By 
 
 
Sani Muhammad Ali 
 
 
 
 
Thesis submitted in partial fulfilment of the requirements for the award 
of the degree of  
Doctor of Philosophy of the University of Portsmouth  
 
School of Civil Engineering and Surveying,  
University of Portsmouth 
 
June 2018 
  
Declaration 
i 
 
Declaration 
 
Whilst registered as a candidate for the above degree, I have not been registered for any 
other research award. The results and conclusions embodied in this thesis are the result of 
my own research work except as cited in the references, and have not been submitted for 
any other academic award. 
 
 
 
 
 
 
 
 
 
 
 
Name:  Sani Muhammad Ali 
 
Date:    8th June, 2018 
 
 
 
 
 
 
 
 
Signature 
  
Abstract 
ii 
 
Abstract 
This study investigates the conditions and the levels of satisfaction with indoor 
environmental quality (IEQ) in naturally ventilated (NV) learning environments in Bayero 
University, Kano and compares the results to international comfort standards’ thresholds. It 
examines the thermal and visual comfort, acoustic quality as well as the indoor air quality of 
six learning environments in the University consisting of four lecture theatres and two 
laboratories. Researches in IEQ have shown that good quality indoor environment enhances 
occupants’ comfort, wellbeing, raises their productivity, and most importantly for this 
research, it raises students’ performances, reduces absenteeism, and reduces stress and 
fatigue among teachers. IEQ researches are mostly being undertaken in the four most 
advanced continents that are situated in the temperate regions of the world, but not in sub-
Saharan Africa. Using both measurement and survey methods, internal and external physical 
parameters (air and radiant temperatures, air velocity, relative humidity, background noise, 
sound pressure level, horizontal and vertical illumination level, carbon dioxide concentration 
and particulate matter) were evaluated. The assessments were undertaken three times 
covering ten months, August 2016 to May 2017, which coincided with the three distinct 
seasons (warm and wet; cool and dry & hot and dry) in Kano. PMV model, as always, failed 
to predict the thermal conditions of the learning environments. Similarly some of the 
measured and calculated IEQ parameters, have not met the thresholds specified by the 
adaptive components of ASHRAE-55, but were in agreement with EN 15251, the 
respondents expressed their acceptance of their learning environments, subjectively. This is 
not surprising as these standards were often based on experiments implemented in 
developed countries, where the severity of the climatic conditions and the culture are 
dissimilar to sub Saharan Africa. The outcome of the research is hoped to raise awareness 
of IEQ potentialities among the academia, building industry professionals, building owners, 
university managers and other education policy makers in the region.
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Chapter 1  
Introduction 
1.1  Introduction 
This chapter introduces the research work and its structure. It consists of the background of the 
research, its aim and objectives, significance and scope of the research and the general structure 
the thesis follows. The study investigated the indoor environmental quality (IEQ) of six learning 
environments in Bayero University, Kano, Nigeria (BUK).  
IEQ refers to the quality of a building's environment in relation to the health and wellbeing of those 
who occupy it. Research work in IEQ of buildings has been attracting greater attention recently for 
a number of reasons, the most cited include its role in enhancing occupants’ health, comfort and 
wellbeing, which lead to raising levels of their productivity (World Building Design Guide (WBDG), 
2017). Most importantly for this research, enhancement of IEQ raises students’ performances, 
reduces the rate of absenteeism, and reduces stress and fatigue among both the students and the 
teachers (Corgnatti et al., 2007; De Giuli et al., 2012; M. Lee et al., 2012). Improved IEQ is also 
known to reduce absenteeism among office workers, thereby enhancing their productivity which 
subsequently reduces production and social costs (Ajala, 2012; Reynolds et al., 2001). IEQ 
researches have been repeatedly conducted in the four most advanced continents which are 
situated primarily in the temperate regions of the world, but rarely in Sub-Saharan Africa (Ali et al., 
2009; M. O. Efeoma et al., 2014; Kameni et al., 2013; Munonye & Ji, 2017; Ogbonna & Harris, 2008). 
International comfort standards were majorly derived from the key findings of the publications 
conducted in these regions. It is therefore imperative to investigate the conditions of buildings in 
other climatic regions, especially the Sub Saharan Africa, where the climate, culture and traditions 
are dissimilar to the advanced nations. 
In spite of the fact that indoor environmental conditions in learning environments can have an 
impact on the learning capacities of the students, it is not unusual to find learning environments in 
Nigerian higher institutions in which the IEQ do not meet the occupants’ requirements (Munonye 
& Ji, 2017; Olayiwola, 2010). Furthermore, being in the tropics, where solar energy is in abundance, 
Nigerian building industry professionals pay little attention to passive energy utilization. Therefore, 
knowing how buildings perform in the country should appeal to their consciousness in 
reconsidering this situation. Higher institution environments are places for intellectual work, where 
good IEQ condition is required for the enhancement of learning, teaching and research activities 
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to achieve optimum results. Therefore an insight into the IEQ of Higher Education Institutions 
environments, especially in Sub-tropical Africa, where there is a lack of such research, is important. 
The study investigated indoor thermal characteristics, visual and acoustic qualities as well as air 
quality of the learning environments through surveys and measurements, primarily focusing on air 
and radiant temperatures, relative humidity, illumination levels, noise levels, particulate matter 
and CO2 concentrations.  
1.2 Background Information 
Indoor environmental quality (IEQ) is a major factor in the comfort, health, safety, and productivity 
of occupants of an interior space. Due to the role IEQ plays in enhancing indoor occupants’ 
wellbeing and health, insights into the discipline were documented as far back as the first century 
AD. In such works as The Ten Books on Architecture (De architectura), described in Curl, (1999), 
which was a treaty dedicated to the Roman Emperor Augustus, IEQ stood out prominently. 
Vitruvius, laid out in the ten books many criteria for compliance with IEQ, which include: proper 
siting of a city or buildings, buildings’ orientation, lighting, ventilation, acoustics, and prevention of 
moisture ingress into them. 
Despite this classical effort, building industry professionals have been faced with the challenges of 
providing indoor environmental comfort in the buildings they construct or manage. Prior to the 
industrial revolution and before the discovery of cheap fuel, in warmer weather people could just 
open their windows and doors to facilitate air movement from outdoors to indoors during the 
hottest part of the day. But in cooler climates families huddled themselves together around fires 
and others simply add an extra layer of clothing to stay warm. In a nut shell, vernacular forms of 
architecture were/are sophisticated and allow people to live comfortably in a wide range of 
extreme environments.  However, the invention of new technologies in developed countries, 
powered by abundant fossil fuels, led to the beginning of the disconnect between the outdoors 
and the indoor environments (Roulet, 2001). Researches in IEQ since then continue to grow and 
generate a lot of interests the world over (R J de Dear et al., 2013; Goddish, 2000; Mishra & 
Ramgopal, 2013; Pereira et al., 2016; Peretti & Schiavon, 2011; Sundell, 2004). This was as a result 
of the rising indoor occupancy levels, health requirements, environmental concerns, new 
construction practices, rising occupants’ expectations, development of new indoor finishes and the 
desire to cut down on energy costs  (Almeida & de Freitas, 2014). 
The Higher Education facilities represent a significant part of the building stock in Nigeria (where 
12% to 15% of land allocation is devoted to education), therefore measures to improve their indoor 
conditions may contribute to a good and sustained return on investment in improved learning 
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results and lower health care expenses on students (Abdou et al., 2006; Al horr et al., 2016; 
Mustafa, 2017; US-EPA, 2017). Furthermore, Higher Education Institutions environments are 
places for intellectual work with the majority of users are young adults with diverse needs, 
therefore, understanding their perception of comfort can go a long way toward meeting their 
comfort requirements. Hence, an insight into the IEQ of higher education institutions environments 
is desired. 
Although there exist building regulations in Nigeria, their influence is based on individual states. 
States are responsible for enacting and administering building and town planning regulations in 
the areas under their jurisdiction. There is no single coordinated document that is based on similar 
level of expertise for all the nation that regulates, unifies and harmonizes the built environment. 
The evolvement of National Building Code of Nigeria (NBC), in 2006, did not help matters, because 
as at the end of 2017, it did not receive the blessings of the National Council of States (National 
Building Code (NBC), 2006). This may not be unconnected with the lack of knowledge on how 
buildings are performing environmentally in the country. In the education arena, the National 
Universities Commission (NUC), an organ of the Federal government, which is charged with the 
responsibilities of regulating university education in the country, maintains a document referred 
to as University Standard Guide. The document contains regulations and guiding instructions on 
the activities of universities’ built environment in the country (National Universities Commission 
(NUC), 2004). However, it covers general site planning and construction instructions, specific 
details on thermal, visual and acoustic comfort as well as air quality are not fully addressed.  
This study, therefore, investigated the physical conditions and the levels of satisfaction with IEQ in 
naturally ventilated (NV) learning environments in a Northern Nigerian University, and compares 
the results to international comfort standards and typical assumptions. This is done in order to 
determine whether the recommendations of the standards are acceptable and can be adopted in 
the country. The intent of the study, is to close one of the gaps that exist in IEQ domain, by 
conducting this work in learning environments of a university in Nigeria, thereby promoting 
discussions on the subject among industry professionals and the academia.   
BUK is a conventional university owned by the Federal government of Nigeria and situated in Kano.  
The university has about 30,000 students admitted within 13 faculties spread within three 
campuses in Kano. All the three campuses were completely transformed in the last six years, by 
adding new facilities and retrofitting existing ones (Ahmed, 2015). Kano on the other hand is the 
second largest, most populous city in Nigeria after Lagos and the second commercial nerve centre 
of the country. It is located in the northern part of the country on latitude 12 °N and longitude 8.52 
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°E. The maximum temperature in Kano reaches 39 °C in April and May and goes down to 12 °C in 
December and January. Relative humidity in the city hovers between 12% and 79% and receives its 
highest precipitation of about 850 mm in August (Nigerian Meteorological Agency [NIMET], 2015), 
like the other cities in Northern Nigeria, Kano is faced with the problem of perennial haze/dust 
blown in November to February from the Sahara desert, which is about 800 km away (Chineke & 
Chiemeka, 2009).  
The research investigated six learning environments (four lecture theatres and two laboratories), 
through surveys and measurements. Instruments for measuring the internal and external physical 
parameters (air and radiant temperatures, air velocity, relative humidity, background noise, sound 
pressure level, horizontal and vertical illumination level, carbon dioxide concentration and 
particulate matter) were used. The occupants, students and their teachers, were surveyed soon 
after completing their normal academic activities in the selected learning environments. The 
survey investigated their level of satisfaction, views and responses on the IEQ of the spaces, 
including their activity levels and clothing insulations. The assessments were undertaken three 
times covering ten months, August/September 2016, January/February 2017 and April/May 2017, 
which coincided with the three distinct situations or “seasons” (warm-wet; cool-dry and hot-dry) 
in Kano.  
 
1.3  Aim and Objectives   
The aim of this research was to investigate the measured and perceived IEQ of learning 
environments in Bayero University Kano, (BUK) Nigeria with a view to comparing the findings with 
relevant international comfort standards’ thresholds, and determine the possibility of adopting 
their recommendations in the country. 
The aim was achieved through the following integrated objectives: 
1. Evaluating the state of IEQ in the university’s learning environments, through physical 
measurements;  
2. Determining the occupants’ level of comfort perception in the university’s learning 
environments, through surveys; 
3. Comparing the IEQ results obtained in the university and against relevant national and 
international comfort standards’ thresholds;  
4. Determining neutral and preferred temperatures and calculating comfort temperature 
ranges as well as evaluating adaptive comfort equation for the region; 
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5. Ranking the IEQ variables in terms of their contribution towards achieving comfortable 
learning environments in the university; 
6. Correlating the spaces’ architectural design characteristics with measured results and 
occupants’ perceptions ; and 
7. Developing and disseminating key recommendations for improving the IEQ criteria and 
design characteristics against the results obtained.    
 
1.4  Significance of the Study 
Academically, enhanced IEQ helps to improve visual acuity, reduces distractions, improves thermal 
comfort levels, and contributes to the health and wellbeing of students, teachers and support staff 
in the learning environments, which in turn reduces absenteeism and improves performance 
(Corgnatti et al., 2007; De Giuli et al., 2012; M. Lee et al., 2012). The study is therefore undertaken 
with a view to improving the regions learning environments for conducive learning and for 
attaining higher academic performances.  
Economically, green building advocates and IEQ researchers argue that in commercial buildings, 
occupants (staff) represent the largest share of the operational costs of a building, which suggests 
that enhancing IEQ could have economic benefits by reducing absenteeism among the office 
workers, thereby enhancing their productivity which subsequently saves production and social 
costs (Ajala, 2012; Reynolds et al., 2001; Wargocki & Wyong, 2007(a)). By extension therefore, 
enhancing IEQ in Higher Education facilities could yield high academic performances among the 
students and their teachers in similar ways. 
Finally, the outcome of this research is hoped to raise awareness of IEQ potentialities among 
academia, building industry professionals, building owners, university managers and other 
education policymakers in the region. 
 
1.5  Research Scope and Limitation 
Scoping and restricting this study to single Higher Education buildings became necessary due to a 
number of reasons; 
• Bayero University, Kano was chosen for the work, being the home university of the 
researcher for ease of access to data collection and for fieldwork and it represents the 
second generation universities in the country.  
• The scope of the study could not go beyond six spaces, because the measuring instruments 
were expensive and there was limited amount to spend on the work. Cheaper instruments 
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were not reliable because they require constant electrical power to function, which is 
lacking in Nigeria. During the pilot study conducted before the actual fieldwork, an 
arrangement of 1.1 Kva inverter, and a 200Ah/12v battery had to be planned to ensure 
steady and constant power to the logging instruments for the main fieldwork. 
• Nigeria is blessed with many vegetation zones and temperature regimes occasioned by 
closeness to the equator and closeness to the Sahara desert. The southern part of the 
country is hot and humid, with heavy tropical rainfall, while the north, where the study 
was conducted, is generally hot and dry with lower rainfall. The environmental comfort 
requirements are therefore different, hence the findings of the research can only be 
applied to semi-arid (BSh) regions, similar to Kano (Koppen’s Climatic classification of Kano 
is “BSh”) (Trewartha, 1968). 
 
1.6  Thesis Structure  
The structure of the study is illustrated in Table 1.1, it takes the form of five sections containing 11 
chapters, including the introductory one. Section I consists of two chapters; introduction and brief 
on the study area. Section II consists of three chapters; review of literature, IEQ parameters 
assessment methods and pilot assessment. Section III deals with the results and analysis of the 
fieldwork and is covered in five chapters; six to ten. Section IV has one chapter on conclusion and 
recommendations. Section V consists of the list of references and appendices. 
1.6.1 Section I 
This introductory chapter highlights the background knowledge, aim and objectives, significance 
and structure of the research.  
Chapter two describes the study area, Kano in Northern Nigeria, its geography, climatic conditions, 
Nigerian system of education, the development of university system, the National Universities 
Commission (NUC) and its Standard Guide, which regulates the university education’s policy in the 
country and finally the National Building Code (NBC), which provides the standards for building 
construction in Nigeria. It also briefly traces the developmental history of Bayero University Kano.  
1.6.2 Section II 
The third chapter reviews the general IEQ literature, looks at IEQ in the built environment, its 
components and parameters, and conducts a review of IEQ studies in higher education institution 
buildings.  
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The fourth chapter is concerned with the methods of assessing the IEQ parameters and their 
variables. The instruments used in measuring these parameters and the measuring process are 
detailed out. The selected learning environments are discussed in detail; their location, age, size, 
volume, capacity and other architectural design characteristics are reported. 
The fifth chapter deals with the pilot assessment undertaken in a learning environment in the study 
area prior to the commencement of the main work. This enabled the researcher to test the 
effectiveness of the instruments, became familiar with them and took note of possible challenges 
involved. The pilot assessment further paved way for the groundwork done in selecting the 
buildings (learning environments) where the main work was conducted. The results were compiled 
into a conference paper, and was presented at the Passive and Low Energy Architecture (PLEA) 
2016 in Los Angeles. 
1.6.3 Section III 
Chapter six introduces the chapters that discussed the results and analyses of the fieldwork which 
are presented in four chapters. Commencing with the overall results, then a discussion on neutral 
and preferred temperatures, followed by correlation of architectural design features with comfort 
indices and finalized with the preferred IEQ variables that most enhance the occupants’ comfort in 
the learning environments. 
Chapter seven discusses the results of the indoor environmental quality of the six selected learning 
environments in the university. The IEQ results and levels of the occupants’ satisfaction were 
determined respectively through physical measurement of the IEQ parameters and surveys and 
compared them with the provisions of the relevant national and international comfort standards. 
This was done to evaluate whether these standards could successfully be applied in the region.  
Chapter eight discusses the determination and calculation of neutral and preferred temperatures, 
the comfort temperature ranges as well as the adaptive thermal comfort equation for the naturally 
ventilated buildings in the hot and dry region of Nigeria, using the calculated comfort indices from 
chapter seven. The findings of this chapter could inform practitioners and facility managers about 
the quality of the thermal environment desired in such building types and hence promote practices 
and measures for achieving comfort in learning environments. 
Chapter nine discusses the correlation analyses conducted between the measurement results and 
occupants’ perceptions with architectural design characteristics of the university buildings. The 
architectural design characteristics were identified through physical measurements and 
observations while the comfort indices were obtained from chapter seven. This is hoped to give a 
clear guide to building practitioners which characteristic best suits their sites and buildings. The 
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chapter also discusses passive design solutions that designers utilize in optimizing comfort 
applicable to a building in the hot and dry regions of the tropics. 
Chapter ten discusses the utilization of the survey results obtained from the questionnaire and 
were used in ranking the IEQ variables for the buildings in the university. The seventh section of 
the first set of the questionnaires contains a list of ten IEQ variables from which the occupants 
were asked to choose any three that they felt would normally enhance their comfort indoors. This 
result is also hoped to indicate to building practitioners and managers what to prioritize among the 
IEQ variables in their quest for achieving comfort in the buildings they construct and manage/run. 
1.6.4 Section IV 
Chapter eleven integrates and discusses the findings from the previous chapters in section III above 
(Chapters seven to ten).  It summaries the findings and dwells on the implication of the findings to 
future research into the field. It also offers recommendations and guidelines for using passive 
design approaches in Northern Nigerian’s built environments. The research findings are hoped to 
be disseminated in two ways, one through publication in top rated academic journals, international 
conferences and to the gathering of Nigerian Institutes of Architects (NIA) during one of its annual 
general meetings and possibly to university managers through the assistance of Tertiary Education 
Trust Fund (TETFund). 
1.6.5 Section V  
Contains the list of appendices and references consulted during the work. 
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1.7 Summary 
This chapter introduced the general outline of the research, beginning with its background, its aim 
and objectives, significance and scope of the study and the structure of the thesis. The background 
information set out the circumstances surrounding the research and the need that motivated the 
research and placed it in focus. The aim of this research bordered on the need to contribute to the 
general body of knowledge in the field of indoor environmental comfort in buildings, bridging the 
knowledge gap existing in IEQ researches and for raising the awareness of building professionals in 
Sub-Saharan Africa and especially in Nigeria. The significance of the research explained the benefits 
accruable when IEQ of a given space is enhanced. While the structure of the thesis outlined the 
body of the work by providing the arrangement that the whole research followed. The study 
consisted of five sections subdivided into eleven chapters, commencing with the introductory one 
and concluding with summary and recommendations. 
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Chapter 2  
Briefs on the Research Area 
 
2.1 Introduction 
This study as stated earlier, is aimed at investigating the indoor environmental quality of learning 
environments in Bayero University, Kano (BUK) Nigeria, with a view to understanding how they 
conform to international comfort standards’ thresholds. In order to achieve this, understanding 
the research area’s geography, national and local climatic characteristics are required. Similarly the 
policies and standards that govern the university system of education, as well as the socio-
economic status of the people living in the region need to be contextualized. The chapter, 
therefore, provides background information on Nigeria as a whole, and Kano in particular. It 
describes the climate and geography of Kano within the country, and traces the historical 
development of the university system of education in the country and of Bayero University, Kano, 
which is the subject of the research. A brief on how the government funds its university system 
and the role of Tertiary Education Trust Fund (an intervention agency), are also explained. The 
provisions in the National Building Code, which provides the standards for general building 
construction in Nigeria, as well as those in the National Universities Commission’s Procedures 
Guide and Physical Development Manual for the University System in Nigeria are reviewed.  
 
2.2 Geography of Nigeria 
Nigeria is located in the sub-Saharan region of Africa, between latitudes 4°N and 14°N and 
longitudes 3°E and 15°E. It has a total land area of 923,768 km2, whose borders are defined by 
Benin Republic to the West, Niger to the North, Chad to the North-East, Cameroon to the East, and 
a coastline southwards to the Gulf of Guinea (Central Intelligence Agency [CIA], 2017).  Even though 
Nigeria is located within the tropics, it has a varied climatic conditions from being equatorial in the 
coastal area in the south and to the tropical arid north (Imaah, 2008). Its water body covers about 
13,000 km2 with the River Niger entering the country in the northwest and flows southward 
through tropical rain forests and swamps to its delta in the Gulf of Guinea, where it discharges into 
the Atlantic Ocean. The main vegetation zones in the country are made up of the Forest, the 
Savannah and the montane vegetation. Forest and Savannah vegetation are further subdivided in 
to three zones each. Mangrove, fresh water and rain forest make up the forest zone. While Guinea, 
Sudan and Sahel make up the Savannah zone. The region’s lowest point is the Atlantic Ocean 
boundaries while its highest point is 2,419m at Chappal Waddi to the Far East near the 
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Cameroonian border (Central Intelligence Agency [CIA], 2017). Figures 2.1 and 2.2 show the 
location, major vegetation zones and Koppen’s climatic classification of Nigeria. 
 
 
Figure 2.1 Showing Location of Nigeria (www.fao.org) 
 
 
 
 
 
a                                                                                                  b 
Figure.2. 2 Showing a = Vegetation zones and b = Koppen’s Climatic classification of Nigeria (www.fao.org) 
 
2.3 Climate of Nigeria 
A wide variation of climatic conditions exists across Nigeria, as a result of its location laying within 
the tropical zone. Close to the coastal areas of the country the seasons are not sharply defined, 
temperatures rarely exceed 32 °C, but humidity is very high and nights are hot. Maximum 
temperatures of 45 °C occur in the northeast and northwest zones of the country, areas like 
Maiduguri, Potiskum, Sokoto, Nguru and Yola are the hottest. Minimum temperatures could be as 
low as 11 °C and occur in the north and central areas of the country, with the coldest areas located 
around Jos and Kaduna. Two distinct seasons exist, a wet season from April to October, with 
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moderate temperatures, and a dry season from November to March. Figure 2.3 shows the average 
monthly temperature and rainfall for Nigeria. Midday temperatures during the dry season surpass 
38 °C, but night time temperatures are relatively cooler sometimes dropping to 11 °C. Rainfall 
varies from about 180 cm to 430 cm in the coastal areas, it decreases to around 130 cm and 50 cm 
in the central regions and towards the northern border (Nigerian Meteorological Agency [NIMET], 
2015).  The northeast and southwest trade winds are the two principal wind patterns in the 
country.  
  
 
Figure.2.3 Average Monthly Temperature and Rainfall for Nigeria from 1901 to 2015 (Nigerian Meteorological Agency 
[NIMET], 2015) 
 
As a result of surface pressure build up over the Sahara desert annually in the months of November, 
December, January and February, the dry north easterly winds transport airborne dust particles 
southwards and this reduces horizontal visibility to less than 1000 m over parts of West Africa. 
During this period, the northern and central parts of Nigeria experience general discomfort (due to 
low temperatures and humidity), surface dust, respiratory and other air borne related problems. 
Occasional extreme situations occur, for example, Kano experienced a meteorological visibility of 
zero meters on the 19th of February, 2010 for about six hours, while the southern parts reported 
visibility of between 200 m and 900 m (Nigerian Meteorological Agency [NIMET], 2015). 
2.4 Socio-Economic Environment  
Nigeria was a colony of the British, it became a nation state with the amalgamation of Northern 
and Southern protectorates in 1948. Hausa, Yoruba and Igbo are the main ethnic groups, and are 
mainly found respectively in the Northern, Western and Eastern regions of the country. Other 
minority tribes in excess of 250 groups are also found across all the regions of the country. 
According to the 2017 World Fact Book, the country is inhabited by over 190 million people, and 
about 50% of them live in urban centres (Central Intelligence Agency [CIA], 2017). Nigeria was well-
known for its agrarian economy, at some stage led the West African sub-region in the export of 
cocoa, groundnut and palm kernel, but with the discovery of oil in the late 1950s, the economy has 
become largely oil-based. Significant increase in earnings from the oil was witnessed especially 
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during the 1970s oil crisis. This resulted in budget surpluses and thus, provided funds for significant 
development of capital projects. Nigeria’s oil revenues today account for 95% of total government 
earnings (Central Intelligence Agency [CIA], 2017). However, the over-dependency on the oil 
revenues results in the neglect, decline and near collapse of other economic sectors (Abovu, 2015). 
 
2.5 Materials and Construction Methods 
Before the advent of modern methods of construction, buildings in Nigeria were constructed based 
on regional climates, local technology and socio-economic status of the citizens. Opoko, (2001) 
explained this clearly listing climate, local technology, socio-economic status and availability of 
traditional building materials as the main determinants of building forms and construction 
methods in Nigeria of yesteryears. Earth, timber, reeds, grasses, and stones were the indigenous 
building materials in Northern Nigeria (Dmochowski, 1990). Moulded and dried mud or red laterite 
block, called “Tubali” (a pear-shaped sun-dried mud brick) was the main construction material for 
walls. The mortar was made from high fibered mud or laterite soil, mixed thoroughly with water to 
achieve the right plasticity. This was used for laying the Tubali, plastering the walls and for flooring. 
Although, traditional materials and methods are out of vogue now, buildings constructed 
traditionally do stand the test of time. For example, a 15th-century Gidan Rumfa in Kano, was built 
with burnt earth bricks, part of which is now the emir’s palace. Similarly Gidan Makama (see Figure 
2.9a), an  old structure from the late 1950s, now houses a museum of Hausa and Fulani artefacts 
(Moughtin, 1985). 
The introduction of new building materials such as cement and corrugated iron sheet has impacted 
on the architecture of the built environment in the country. Furthermore, with the increasing 
revenue from oil, came a gradual departure from the traditional construction methods and 
materials to modern ones. Likewise, the fact that none of the traditional building materials was 
company manufactured, processed or fabricated, diminished their prospect of being further 
developed (Agboola & Zango, 2014). Buildings are now designed and constructed across the 
regions of Nigeria with modern western-style materials, due to their advantages over the 
traditional ones and the improved purchasing power of many citizens. Figures 2.4 and 2.5 show 
some notable cities in Nigeria which depicts a departure from local to modern construction 
methods and materials. 
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a= City of Logos in the 1950s 
 
b= Lagos in 2016 
  
 
c = Abuja the Capital City (Now) 
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d= Abuja the Capital City (Now) 
Figure.2. 4 Lagos Nigeria; a - Before; b - Now; c & d - Abuja: The capital city of Nigeria (Benedicte Kuren; the New 
York Times) 
 
 
a = Ibadan 
 
 
b = Kaduna 
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c = Port-Harcourt 
Figure.2. 5 a - Ibadan; b - Kaduna; c – Port Harcourt (Benedicte Kuren; the New York Times) 
 
2.6 Kano Geography  
Kano is situated on latitude 12⁰N and longitude 8.52⁰E, in the fertile agricultural soils of the 
Savannah region of West Africa. It is the second largest and most populous city in Nigeria after 
Lagos. Figure 2.6 shows the location of Kano in the Federation of Nigeria. With a population of over 
3,000,000, it is dominated by Hausa/Fulani speaking people (Central Intelligence Agency [CIA], 
2017). Kano is 484 meters above sea level. The Dala (534 meters) and Goron Dutse hills (517 
meters) dominate the old city’s landscape. The city has lowland pools and borrow pits dotted 
around it, these are the old sources of the mud used for building its traditional square, flat-roofed 
houses. The city lies near where the Kano and Chalawa rivers converge to form the River Hadejia 
(Nigerian Meteorological Agency [NIMET], 2015). 
 
Figure.2. 6 Map of Nigeria showing location of Kano (USAfricaonline.com) 
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Kano was and is still famous as a commercial and industrial center. It was well-known for its Hausa 
leatherworks, cloth, metal wares and groundnuts, the latter, was a cash crop that was bagged and 
stored in huge pyramids before being sent to Lagos for export. The second most important export 
commodity was the hides and skins, there is still a considerable livestock trading going on (Central 
Intelligence Agency [CIA], 2017). Kano used to receive kola nuts from Ghana; salt from the Sahara; 
slaves from the Bauchi and Adamawa emirates; natron from Lake Chad; and sword blades, 
weaponry, silk, spices, perfumes, and books brought from Europe. This indicates that the economic 
significance of Kano dates back to the pre-colonial Africa, when it served as the southernmost point 
of the famous trans-Saharan trade routes (Kano State Federal Republic of Nigeria, 2008). However, 
the British conquest of the city in 1903 and the opening of the railway from Lagos (1,150 km) in 
1912 changed the direction of the trade southwards. The city was enclosed by a protective mud 
wall built around it, which prevented surprise attacks from enemies, entry was only possible 
through 17 designated gates. Figure 2.7 shows a typical Kano city gate recently rehabilitated. 
Figures 2.8 and 2.9 show some construction projects recently completed in Kano; Figure 2.8a shows 
a view of the city within the built wall, 2.8b and c show some more structures built recently. While 
Figure 2.9 shows some of the inherited pre-colonial structures that are maintained to date. 
 
 
Figure.2.7 One of the Kano City gates (Kofar Na’isa) along BUK Road 
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a = view of the inner city 
 
b = Tranportation infrastructure in Kano 
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c = view of the administrative and commercial areas in Kano 
Figure.2.8 Views of Kano City: a = Toward Goron Dutse; b = From Gidan Murtala and c= From Northwest University 
Building 
 
 
 
a = Gidan Makama National Meseum 
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b = Entrance to Kano Emir’s Palace 
 
c = Gidan DanHausa one of the Colonial Admistrative Buildings 
Figure.2. 9 Traditional Buildings in Kano: a = Gidan Makama National Museum; b = Emir’s Place and c = Gidan Dan-
Hausa - colonial administrative office 
Kano is served by a good rail network passing through it to Nguru from Lagos and Port Harcourt; it 
is also at a crossroad for highways that traverse the country. It has an international airport which 
connects it with many cities in the Northern and Southern Africa, the Middle East and Europe by 
regular flights. Similarly it is linked with many cities in Niger Republic, Chad, Cameroon and the 
Republic of Benin by trucks and buses. 
Kano is home to Bayero University, Northwest University, the State’s Institute for Higher Education, 
a law school, several advanced teacher-training colleges, a state polytechnic, public and 
commercial secondary schools, and an agricultural research institute. The British Council Library 
and Kano State Library are also located in the city (Kano State Federal Republic of Nigeria, 2008). 
From 2006 to 2015, backed by high oil prices, more schools and higher institutions, major highways, 
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overhead bridges and other transportation infrastructure were built by the state government. The 
most notable of these are the Kano University of Science and Technology, Northwest University, 
Silver Jubilee flyover-bridge at Kofar Nasarawa, the Kofar Kabuga underpass and various 6 lane 
highways in the city. However, inconsistent government policies and sporadic electricity supply 
hamper the growth of the construction industry, not just in Kano but across the country. 
2.7 Kano Climate 
2.7.1 Temperature 
Hot season in Kano lasts for about three months, from March to May, with an average daily high 
temperature above 39 °C. The hottest month of the year is April, with an average daily high of 43 
°C. The coldest months are December and January, with an average daily high temperature below 
12 °C. Figure 2.10 shows the average minimum and maximum temperatures in the city. Kano is 
influenced by the local steppe climate (Nigerian Meteorological Agency [NIMET], 2015). The 
seasonal variations of the climatic conditions of Kano have a great impact on the indoor 
environmental comfort, therefore the fieldworks were planned to coincide with these seasons. 
 
 
Figure.2. 10 Average Monthly Minimum and Maximum Temperatures in Kano (www.weather-and-climate.com) 
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2.7.2 Cloud cover 
The average percentage of sky covered by clouds varies over the course of a year. In spite of the 
haze/dust blown from the Sahara desert, the sky is relatively clear in Kano for around four months, 
from November to February (Chineke & Chiemeka, 2009). The clearest day of the year is recorded 
in the first week of November of every year, at that time the sky was clear for about 66% of the 
time and overcast for the rest of the time. Cloud cover begins to appear in March and lasts for 
about eight months, during which the sky could be overcast for about 73% of the time (Nigerian 
Meteorological Agency [NIMET], 2015).  
 
2.7.3 Rainfall 
Kano experiences seasonal variation in monthly rainfall. The chances of rains falling in Kano varies 
very significantly throughout the year. The rainy season lasts for about six months, from May to 
October, with August being the wettest month. The dry season also lasts for about six months, 
from October to April, with January being the driest month. On the upper side, the precipitation 
averages 852 mm, while on the lower end it can go as low as 45 mm (Nigerian Meteorological 
Agency [NIMET], 2015). Figure 2.11 shows the average monthly rainfall in Kano. 
 
 
Figure.2.11 Average Monthly rainfall distribution in Kano (Nigerian Meteorological Agency [NIMET], 2015). 
 
2.7.4 Humidity  
Kano experiences seasonal variation in the perceived humidity fluctuating between 79% and 12%.  
As the humidity comfort level can be based on dew point, it determines how quickly perspiration 
evaporates from the skin, thereby cooling the body. Low dew points of about 6 °C create a feeling 
of dryness and higher dew points of over 22 °C create humid perceptions (Nigerian Meteorological 
Agency [NIMET], 2015). Unlike temperature, which typically varies significantly between night and 
day, dew point tends to change more slowly, so while the temperature may drop at night, a humid 
day is typically followed by a muggy night. Both the very low and the elevated levels of relative 
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humidity can cause people to feel thermally uncomfortable in the city. Figure 2.12 shows the 
average monthly relative humidity in Kano. 
 
 
Figure: 2. 12 Average Monthly Relative Humidity in Kano (www.weather-and-climate.com) 
 
2.7.5 Solar Radiation  
Kano receives an annual mean solar radiation of about 7 kWh/m2  per day (Waziri et al., 2015), and 
the length of a day does not vary substantially over the course of the year, it stays within 50 minutes 
of 12 hours throughout. During the winter (Dec 21) solstice, being in the Northern hemisphere 
Kano witnesses the rising sun from the southeast at a low angle above the southern horizon, sets 
in the southwest and days are relatively shorter. During the summer (June 21), the sun rises in the 
northeast and sets in the northwest, relatively longer days are witnessed. During the equinoxes 
(March 21 and Sept 21) however, the sun rises directly from the east, heating up the ground and 
the air above, and sets due west with relatively equal lengths of days and nights. The shortest day 
is normally 11 hours 25 minutes of sunlight and the longest day is recorded in June, with 12 hours, 
50 minutes of sunlight (Nigerian Meteorological Agency [NIMET], 2015). The earliest sunrise in June 
is at 6:00 am and the earliest sunset is at 5:57 pm in November. The city receives an average of 
3,117 hours of sunlight annually and it is sunny 71% of daylight hours. Daylight saving time (DST) is 
not observed in Kano (Weather Spark, 2017). Figures 2.13 and 2.14 show the average monthly sun-
hours and the sun path diagrams at winter and summer solstices in Kano. 
 
Figure 2.13 Average Monthly Sun-hours in Kano (www.weather-and-climate.com) 
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a - Winter Solstice 
 
b - Summer Solstice 
Figure 2.14 Sun path diagrams at different dates in Kano 
 
2.7.6 Average Wind Speed  
The predominant wind direction in Kano varies throughout the year. The moist and humid wind is 
most often originates from the southwest and lasts for about six months, from April to September, 
with a peak in April to July. The hazy and dusty wind, on the other hand, originates from the 
northeast for a little over six months, from October to April, with a peak in January. The highest 
wind velocity reported reaches up to 18 m/s (Weather Spark, 2017). The mean monthly and 
seasonal wind speed in Kano is shown in Figure 2.15. While Figure 2.16 shows wind rose diagrams 
for the wet and dry seasons and the whole year for the city. The average monthly wind speed 
ranges from 6.6 to 9.5 m/s. Seasonally, average wind speeds range between 6.6 - 8.5 m/s and 7.4 
- 9.5 m/s for dry (October to March) and wet (April to September) seasons, respectively (Ajayi et 
al., 2013). 
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a = wind speed (m/s)                                                                                             b = wind speed (m/s)   
Figure 2.15 Wind speed for Kano; A = Monthly mean; B = Seasonal and whole year values (Ajayi et al., 2013) 
 
 
 
a = Wet season wind rose 
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 b = Dry season wind rose 
 
 
 c = Whole year wind rose 
 
Figure 2.16 Kano wind roses: a = Wet season; b = Dry season: c = Whole year (Ajayi et al., 2013) 
 
2.7.7 Climatic Implications on Indoor Comfort 
The various climatic factors of Kano discussed above do affect the indoor environmental conditions 
of buildings whenever they occur, thus investigating their possible positive and or negative impacts 
on the indoor environmental performances of the learning environments in Bayero University were 
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the theme of the study. A careful site assessment of these conditions enables designers and 
developers to capture the site’s potentials as to the utilization of solar radiation for heating, 
daylight for lighting, cooling from prevailing wind, natural drainage opportunities, nature 
connection and views, while minimizing or avoiding damage or disturbance to the surrounding 
areas.  
The variation in the seasonal solar angle necessitates a different approach to design and 
construction found in other regions. The direct solar radiation resulting from the limited cloud 
cover has a great impact on the daily temperatures and the diurnal temperature swings, translating 
into building surfaces gaining high conductive heat. For example the southern facades of buildings 
in this region receive the most solar radiation, therefore building orientation, shading techniques 
as well as room orientations could be employed to minimize the impact of the possible heat gain 
on the south-facing façades. This also calls for the selection of building materials that can enhance 
thermally comfortable interiors (thermal-mass materials).  
The diurnal temperatures are also affected by the seasonal climatic variations, during the dry 
season, a significant amount of the solar radiation is absorbed by the ground and structures during 
the daytime which is emitted at night and eventually rises up beyond the earth’s atmosphere, 
because there is very little cloud cover over the region. The occurrence of sparse vegetative cover 
and lack of tall and large trees exposed the city more to the vagaries of the dust-laden winds, which 
originate from the Sahara desert. Similarly the relatively flat terrain of Kano prevents great 
differences in environmental conditions from one location to another, thus the three campuses of 
the university seemed not to differ much environmentally. However, the occurrence of rainfall 
especially in the months of June to September brings in mild conditions and its absence in March 
to May exacerbates the thermal conditions indoors. 
 
2.8 Building Regulations in Nigeria 
Regulations guiding construction works in higher education institutions and other sectors in Nigeria 
are found under two main sources: the National Building Code (NBC) and Higher Educational 
Institutions’ regulatory agencies procedure guides. The NBC’s guidance covers the whole nation’s 
built environment, while for the universities, the National Universities Commission (NUC) 
maintains a code titled: Procedures Guide and Physical Development Manual for the University 
System in Nigeria. These are briefly discussed below. 
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2.8.1 National Building Code (NBC) 
Prior to the evolvement of NBC in Nigeria, there was no unified code for the whole country, States 
of the Federation enacted and administered their building and town planning regulations at 
individual State’s capacities and expertise. This led to the general dearth of referenced design 
standards and subsequently these inadequacies were followed by incessant building collapse. The 
use of non-professionals and untested products and materials in the building industry was 
prevalent. Bearing this in mind, the National Council on Housing and Urban development (a 
committee of commissioners of ministries of works and housing of all states in the federation), 
deemed it necessary to initiate an action on the matter in 1998. In a series of national workshops, 
individual stakeholders in the building industry made an input by submitting their requirements, 
with the aim of setting minimum standards to ensure quality, safety and proficiency in the industry 
at the pre-design, design, construction and post-construction stages (National Building Code (NBC), 
2006). 
However, despite the passive design opportunities offered by being in the tropics and the 
precarious situation of the electrical energy generation in the country, low energy design solutions 
were not consciously embedded in the code. Thus specifications in the code that apply to 
environmental considerations on educational buildings were coincidental. Although the code 
classified educational buildings under group C, only general environmental regulations titled: 
Environmental and General Building Requirements, were provided in section 6. The code offered 
no specific guidance on thermal qualities of buildings nor on occupants’ comfort. Rather, the 
environmental section addressed the following: 
• minimum occupancy level in educational spaces = 1.86 m2 per occupant  
• minimum glazing area for lighting and view          = 10 % of floor area 
• minimum operable window area                             =   5 % of floor area 
• average indoor horizontal illumination level         = 64.58 lux 
• maximum daily noise exposure                                = 85 dB(A) 
• Particulate matter of 5 µm (PM5) (dust): silica= 6 mg/m3; quartz= 0.3 mg/m3; lead= 0.15 
mg/m3; cement= 10 mg/m3 
 
2.8.2 National Universities Commission (NUC) Procedure Guide and Physical 
Development Manual 
The guide’s first edition was published in 1977, immediately after the establishment of second 
generation universities. Therefore it predates the evolvement of NBC, perhaps this may explain the 
lack of adequate coverage of Higher Education Institutions’ building regulations in the National 
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code. It was developed to guide the planning and development of all universities in the country, 
whether government-owned or otherwise. Its main aim is to set out the basic steps which need to 
be taken in the site selection process, physical master planning and implementation of the plan 
(National Universities Commission (NUC), 2004).  
Unlike the NBC, the NUC’s guide provides meaningful thresholds on thermal comfort temperature 
range, noise levels limits in various academic spaces, illumination level limits, air changes per hour, 
design guides on thermal mass, natural ventilation as well as ways of mitigating the effect of dust-
laden winds. For example, to achieve effective indoor thermal comfort in relation to solar radiation, 
the guide recommends the provision of different arrangements of horizontal and vertical external 
sun breakers. The guide also states that temperature at ceiling area should not exceed the floor air 
temperature by 4 °C, and walls and roofs having high reflectivity should be provided. On natural 
ventilation, it states that, to facilitate air movement indoors, inlets of window openings should be 
smaller than its outlets, and that to increase average indoor air velocity, wind flow should occur at 
45° to the façade of buildings. Similarly, to ameliorate the effect of the north-east dust-laden trade 
winds, tree barriers should be provided to divert it from the buildings (National Universities 
Commission (NUC), 2004). 
The followings are extracts from the guide: 
• Extended comfort zone in Nigeria lies between 20 °C and 34 °C from 22 °C and 27 °C, with 
air velocity from 0.15 m/s to 1.5 m/s; 
• Noise levels limits: lecture rooms = 35 - 40 dB(A); laboratories = 45 - 50 dB(A); lecture 
theatre = 30 - 40 dB(A); library = 35 - 40 dB(A); 
• Illumination levels: Lecture rooms, lecture theatres = 120 - 250 lux; laboratories = 250 - 500 
lux; libraries = 250 - 500 lux; drawing studio = 600 - 1000 lux; 
• Air changes per hour: lecture rooms = 10-15; 
• Occupancy level in lecture rooms = 1.2 m2 per person (National Universities Commission 
(NUC), 2004). 
 
2.8.3 Observations on the Regulations 
The two extracts (from NUC and NBC) above are the most relevant regulations governing the built 
environment on the national level in the country. The provisions made by the NBC in regulating the 
building construction in the country are far from being comprehensive, the implication of which 
might be one of the causes of the environmental issues the nation’s built environment is facing 
today. Similarly, despite the grounds covered by the NUC guide in comparison to the NBC, looking 
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at the provisions made by both guides it can be seen that they are short in covering 
comprehensively the needed guides for the entire IEQ parameters. Where these are provided the 
provisions are general and do not differentiate between a rain forest region, which is hot and 
humid and a Savannah region that is hot and dry, so do not appreciate the region-specific 
requirements. 
Specifically the NBC did not cover thermal comfort and indoor air quality, while the values relating 
to the quantity of daylight do not address specific tasks and do not include any recommendation 
associated with the distribution of daylight across a space.  On the other hand, the provisions for 
thermal, visual and acoustics comfort by the NUC guide are consistent with the ASHRAE 2013 
thresholds and the recommendations of the Illuminating Engineering Society of North America 
(IESNA) lighting handbook, albeit with little difference, but indoor air quality requirements are not 
covered. The little difference between the comfort zones of the ASHRAE and that of the NUC guide 
is quite understandable, as the conditions and the requirements upon which they are based might 
also be different. 
 
2.9 Development of University Education in Nigeria 
The importance of education to humanity is well-known to all. The World Bank states that higher 
education is fundamental to the development of the economy and the society in all nations (World 
Bank, 1999). Similarly, Porter (1990) stated that knowledge has become an indispensable tool in 
the 21st century for economic development. It raises the capacity of boosting productivity, and it 
increasingly constitutes the foundation of a country’s competitive advantage. In view of this, the 
colonial administrators established the University College Ibadan in 1948 as an affiliate to the 
University of London (see Figure 2.17). This marked the beginning of the development of university 
education in Nigeria (Babarinde, 2012). 
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Figure 2.17 University of Ibadan (First building to house the university) 
 
With the attainment of political independence from Britain in 1960, the central and the three 
regional governments of Nigeria collaborated and established one university each in the three 
regions. These are; Ahmadu Bello (ABU), Obafemi Awolowo (OAU) and Nnamdi Azikiwe (UNN) 
universities (see Figure 2.18). With the addition of two universities in the cities of Benin and Lagos, 
the number rose to six by the year 1970. These six universities are referred to as the “first 
generation universities” (Olayiwola, 2010). There were no funding problems during that time, all 
the universities were well funded by the two governments (central and regional), using up to 30% 
of their total annual budgets (Yesufu, 1985). The creation of 12 states in the country in 1976, 
witnessed the establishment of seven more universities in the cities of Calabar, Ilorin, Jos, Kano, 
Maiduguri, Port Harcourt and Sokoto, known as “second generation universities” (Babarinde, 
2012). Figure 2.19 shows some buildings from a selection of the second generation universities. 
Bayero University, Kano, the focus of this research, falls in this group. 
As the country’s population grew, it came with the increasing demand for university education and 
to address the emerging technological and agricultural issues, 14 new universities were further 
created in 1985, called the “third generation universities” (Adewole, 2014). The number continued 
to rise, as at September 2017, the Federal Government had a total of 40 universities. The National 
Universities Commission’s (NUC) executive secretary, Professor Abubakar Adamu Rasheed, said 
“Nigerian University System now has a total of one hundred and fifty three universities. When 
broken down, the figure shows that the 36 states have a federal university each including the 
Federal Capital Territory (FCT); there are one military and one police degree awarding universities; 
the National Open University of Nigeria (NOUN), totaling 40 federally funded universities”. He 
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further said that “every state has established one or more universities in Nigeria except Zamfara 
State, bringing the total of state universities to 45; and there are 68 Private Universities” (National 
Universities Commission (NUC), 2017).  
 
 
a = UNN 
 
b = ABU 
 
c = OAU 
Figure 2.18 Photographs of some buildings in first generation universities (a= UNN; b = ABU and c= OAU) 
 
According to Amaghionyeodiwe & Osinubi, (2012), the trend in funding education in the country 
did not grow with commensurate rise in the number of institutions neither with students’ 
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enrolment. Between 1986 and 1992, higher education subvention dropped by 27%, even though 
enrolment had grown by 79%. This action brought about decay both in the quality of education, 
and higher education facilities (Amaghionyeodiwe & Osinubi, 2012). 
To remedy this situation, the Federal Government, in addition to the enhancement of the normal 
annual capital grants, established an intervention agency in 1993, initially called “Education Tax 
Fund” (ETF). It was renamed “Tertiary Education Trust Fund” (TETFund) in 2011, through an act of 
parliament (Tertiary Education Trust Fund (TETFund), 2011).  It is charged with the responsibility 
of managing, disbursing and monitoring education tax to public tertiary institutions in Nigeria. By 
this act, the country imposes a 2% education tax on all assessable profit of companies operating in 
the country, this brought some relief to Higher Education system in the country. TETFund disburses 
funds to Government-owned Universities, Polytechnics and Colleges of Education on a 2:1:1 ratio 
(Tertiary Education Trust Fund (TETFund), 2011). Each institution within a category is allocated the 
fund annually on an equal basis, upon submission of an acceptable project/programme proposal. 
The proposal could be on construction of new academic buildings or upgrading existing facilities, 
purchase of equipment, books, vehicles as well as academic staff training and research purposes. 
Funds are allocated every year but could only be accessed when the previous proposals have been 
fully completed by the institution and certified by the fund officials (Tertiary Education Trust Fund 
(TETFund), 2011). Bayero University, Kano is a beneficiary of TETFund grants and interventions. 
 
 
a = Port Harcourt 
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b = Jos 
 
 
c = Ilorin 
Figure 2.19 Photographs of some buildings from second generation universities (a = Port Harcourt; b = Jos and c = Ilorin) 
 
2.10 Bayero University, Kano (BUK) 
Bayero University, Kano (BUK) was established in 1976, although it was in existence since 1962, as 
a university college campus of Ahmadu Bello University Zaria. It is a conventional university with 
13 faculties, postgraduate school and six research centres, it runs 63 postgraduate and 
undergraduate programmes from three campuses catering for its 30,000 students. These 
campuses are miles apart and spread within the city of Kano. The first, called the Old campus (OC), 
is the institution’s birthplace. It houses Faculties of Sciences, Biomedical Sciences and Pre-clinical 
Sciences. It is followed by the new campus (NC), which houses most of the institution’s other 
faculties. These include, faculties of Agriculture, Arabic and Islamic Studies, Arts and Humanities, 
Education, Engineering, Environmental Sciences, Law and Management. The third campus is the 
Teaching Hospital (THC), houses the faculties of Clinical Sciences and Allied Health Sciences 
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(Ahmed, 2015). Locations of the three campuses within the city are shown in Figure 2.20 and the 
three campuses are individually shown in Figures 2.21a, b and c). Similarly Figures 2.22, 2.23 and 
2.24 show the Main gate of the New campus, the first building to house the university and the 
University library respectively. While Figures 2.25 and 2.26 show some buildings for the faculties 
and centres of research respectively.  
BUK, is a second generation government owned university, and therefore a beneficiary of both 
government annual capital grants and the TETFund’s interventions. From January 2010 to 
December 2014, the University received about N10B ($60m) subvention from TETFund through 
normal allocations and other special grants (Ahmed, 2015). As a result of this huge intervention, 
many new projects were put in place and the majority of the existing buildings were upgraded. 
Equipment, books and vehicles were procured and many members of staff were sent on training 
locally and internationally. Importantly, a lot of research work is rekindled in the university, and 
conferences are organized within and are attended locally and internationally (Ahmed, 2015). 
The TETFund regulates that 30% and 25% of these funds are earmarked for new academic facilities 
and maintenance of existing ones respectively (Tertiary Education Trust Fund (TETFund), 2011). 
Therefore, the full benefit of utilizing these funds could not be attained when problems of the 
educational institutions’ facilities are not squarely addressed. Furthermore, these problems might 
not be known without proper investigation of how the buildings are performing. In other words, a 
university may not gain much from this significant effort of revitalization on its campus, without 
enhancing the IEQ performances of its buildings.  
 
 
Figure 2.20 Kano imagery showing BUK’s three campuses (Google map, accessed 03/2016) 
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a = New campus 
 
b = Old Campus 
 
c = Teaching Hospital 
Figure 2.21  BUK campuses  (a= New Campus; b = Old Campus and c = Teaching Hospital) 
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Figure 2.22 Main gate of the New Campus, Bayero University 
 
Figure 2.23 First building to house the University 
 
 
Figure 2.24 Current University Library 
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a = Faculty of Arts and Islamic Studies 
 
 b = Faculty of Law 
 
 c = Faculty of Computer Science 
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d = Faculty of Economics and Finance 
Figure 2.25 Faculty buildings: a= Arts and Islamic studies; b= Law; c = Computer Science & d = Economics and Finance 
under construction 
 
 
a = Centre of Dry land Agriculture 
 
 b = Centre of Bio-technology Research 
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c = Centre for Infectious Diseases Research 
Figure 2.26 Research Centres: a = Dry-land Agriculture; b = Bio-technology and c = Infectious Diseases under 
construction 
 
2.11 Summary 
This chapter provided information on Nigeria and Kano’s geographical, climatic and socio-
economic environments to contextualize the research. The dearth of building regulations and its 
consequences on the built environment in the country and the few that exist were highlighted. The 
historical development of university education and their funding systems in the country were also 
discussed. Bayero University Kano, the research focus, its history and developmental growth were 
traced.  
The next two chapters deal with the body of literature on the indoor environmental quality and 
occupant’s comfort, how it is evaluated in the learning environments and the processes of selecting 
the case study buildings in the university.  
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Chapter 3  
Review of IEQ Literature 
 
3.1 Introduction 
Human activities on the environment, the eco system, the fauna and flora are believed to aid in 
bringing about climate change, the environment in turn affects human comfort and wellbeing indoors. 
Indoor environmental quality (IEQ) is an aspect of environmental research and design for the comfort 
of occupants indoors. The indoor environmental issues have not received the appreciation it deserves, 
rather the issues are being addressed by a section of the world community, the environmental 
engineers. It is believed that the more enhanced the quality of the indoor environment is, the better 
the quality of life now and tomorrow, this is one of the principal aims of sustainability.  
This chapter dwells on the work so far done in the field of IEQ, commencing with its various definitions, 
its characteristics, its positive impacts on occupants when enhanced, and the negative consequences 
of its neglect. IEQ parameters (acoustic, thermal and visual comfort and indoor air quality) are also 
discussed, by defining them, detailing their indicators and the way they impact upon building 
occupants, as well as the standards used in defining them. Examples of work conducted in various 
environments, including studies which dwelt on educational buildings are also discussed. This is done 
with a view to laying a solid foundation in understanding how the learning environments in Bayero 
University, Kano are performing. 
 
3.2 Indoor Environmental Quality (IEQ) 
Many definitions were advanced in respect of the term indoor environmental quality (IEQ); writers on 
the phenomenon have offered different versions. For example it is referred to as the overall comfort 
of a building’s interior and the comfort and health of its occupants (US Green Building Council (USGBC), 
2005). It is also expressed in terms of occupants’ health determined by four environmental 
parameters: acoustic, thermal and visual comfort and indoor air quality (Bajc et al., 2016; Bluyssen, 
2010; Brown, 2008; Codreanu, 2013; J. Kim & de Dear, 2012a). The World Health Organization (WHO) 
states that, IEQ incorporates the assessment of building’s performance for thermal comfort, air quality, 
visual comfort, lighting quality, acoustic comfort and ease of building services systems control (WHO, 
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2013). IEQ is also known to involve the assessment of the levels of building’s performance in thermal 
comfort, indoor air quality, visual quality and acoustic comfort (Bluyssen, 2010).  
 
3.3 IEQ in the Built Environment 
A building or a shelter is one of the basic human requirements that is created for protection, security 
and especially for indoor comfort as it modifies the elements of the natural environment to suit the 
purposes intended (Olgyay, 1963). In meeting the comfort of occupants of an environment challenges 
are faced in the process, some of which are difficult to be met. To understand these challenges, IEQ 
researches were and are still being conducted in many building types across the world, including; 
residential buildings, offices, banks, commercial buildings, health facilities and educational buildings. 
For example Frontczak et al. (2012); Lai, Mui, Wong & Law (2009); Ibem, Opoko, Adeboye & Amole 
(2013), Abdulkareem et al. (2018) and Fung & Lee (2015) focussed their research efforts in residential 
buildings. While Kim & de Dear (2012b); Fisk, Black & Brunner (2011a); Choi, Loftiness & Aziz (2012) 
and Heinzerling et al. (2013) looked at the IEQ in office buildings. Likewise Liang et al. (2014); Reynolds 
et al. (2001) and Lee & Chan (2001) undertook their evaluations in banks and commercial buildings. Lai 
& Yik, (2007) rated the relative importance of four environmental conditions parameters (thermal 
comfort, air quality, odour and noise) in commercial buildings. Similarly, studies in health facilities 
include those of Aalto, Lappalainen, Salonen & Reijula (2017); Al-Harbi (2005) and Hodgson (2017), 
while Nimlyat & Kandar (2015) undertook an appraisal of a literature review of IEQ in healthcare 
facilities. Al-Maiyah et al. (2015) conducted a post occupancy evaluation (POE) in the new Architecture 
school building at the University of Portsmouth, UK, similarly Mustafa (2017) conducted a POE in an 
architecture studio of a university in Iraq.  
Many interesting findings and insights have been documented by these and other similar IEQ studies. 
To illustrate this, a research conducted in high school, university classrooms and offices in Italy, 
concluded that better IEQ of an indoor environment enhances the lives of its occupants, increases 
comfort, promotes their health, raises the productivity of office workers through reduced absenteeism 
and raises their general wellbeing (Corgnatti et al., 2007). In their work in the UK and Pakistan, Wilson 
& Nicol (1994) found that although noise levels were higher in Pakistan, UK occupants were more 
dissatisfied with the noise generated externally. In a literature survey on how different factors 
influence human comfort in indoor environments, Frontczak & Wargocki (2011) concluded that 
personal characteristics had some impact on thermal comfort, and that thermal comfort is influenced 
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by the level of education, relationship with colleagues and time pressure. They also concluded that 
thermal comfort is not affected by room interior, or colour of light; air quality is affected by 
psychosocial atmosphere at work and by job stress; visual comfort is influenced by age and type of job; 
while acoustic comfort is affected by the country of origin. A similar work conducted in the health 
sector, classified health facilities based on the ranking of IEQ parameters importance (Al-Harbi, 2005). 
Astolfi & Pellerey, (2008) performed correlations between 15 indoor environmental variables and 
overall occupants’ satisfaction in several US office buildings and found thermal comfort and air quality 
very influential. 
Studies and reports outlining negative impacts of poor IEQ, as well as the positive effects of its 
enhancement in various environments were recorded, these were conducted on individual IEQ 
parameter’s basis. For example, on the negative impact of poor IEQ, the US Environmental Protection 
Agency (EPA) (2010), in 2010 reported that poor indoor thermal environment inhibits the qualities of 
a space, and in a learning environment, it leads to imperfect attention and lowering of students’ 
memory capacity during study. It was also found that, poor ventilation rate impacts negatively on 
thermal comfort, increases carbon dioxide concentration and affects health of occupants, which 
invariably leads to low productivity and poor performance (Daisey et al., 2003; S. C. Lee et al., 2001; P. 
Wargocki & D. P. Wyon, 2007). 
Similarly, acoustic discomfort is said to cause fatigue, headaches, annoyance, changes in behaviour 
and attitude leading to a decrease in intellectual working ability and sleep disorders (Codreanu, 2013). 
While poor visual quality is known to impact on health, reduce concentration, and increase stress 
leading to absenteeism and reduced performance and productivity among indoor occupants (Al-Harbi, 
2005). 
Studies on the effects of IEQ enhancement were equally documented on an individual parameter basis. 
Nimlyat and Kandar (2015) evaluated air quality perceptions of the building occupants in an indoor 
environment. Natural light is also investigated due to its importance to people’s health and wellbeing 
and is found to affect the mood, emotion and mental alertness of people. It also supports and adjusts 
the circadian rhythms and influences people’s physiological and psychological state (CEN, 2011).  
 
3.4 IEQ in Educational Buildings 
Learning and overall academic performance are enhanced by the quality of educational buildings, for 
this reason IEQ research is continuously conducted in them. The main aspects of investigations in 
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educational facilities often include:  environmental performance of the learning spaces; issues relating 
to the academic performance of students in both conditioned and naturally ventilated learning 
environments; how individual IEQ parameters enhance and affect students’ performances and so on. 
A few specific works include: Investigation of IEQ and pupil perception in Italian primary schools by De 
Giuli, Valeria, Osvaldo & Michele (2012); environmental comfort studies in university classrooms 
involving thermal, acoustic, visual and air quality aspects was undertaken by Astolfi, Corgnatti & Lo 
Verso, (2003); research on occupants’ adaptive responses and perception in naturally conditioned 
university classrooms was conducted by Yao et al. (2010); El Asmar, Chokor & Srour (2014)  
investigated a question on whether the building occupants they surveyed were satisfied with the 
indoor environmental quality of their higher education facilities. Similarly, Al-Maiyah et al. (2015), 
undertook a post occupancy evaluation of a newly occupied architecture wing at the University of 
Portsmouth, UK; while Mishra & Ramgopal, (2015), conducted a comparison of student performance 
between conditioned and naturally ventilated classrooms.  
Recommendations and areas of concern for further studies were put forward and documented by the 
various studies conducted in educational buildings, with a view to improving the current building stock 
and for implementing the ideas in future ones. In the works of Fisk, Lei-Gomez & Mendell (2007), they 
found that IEQ positively affects students’ performance in schools, reduces the level of absenteeism 
among them and decreases stress and fatigue among teachers. While Montazami et al. (2017), in a 
study conducted during the summer in free running UK primary school classrooms, confirmed that 
children's comfort temperature thresholds are lower than adults’. Similarly, Wargocki & Wyon (2007) 
concluded that, there is a correlation between the academic performance of children at school and 
the thermal conditions in classrooms, therefore, the need to ensure their thermal perceptions in the 
design and refurbishment is essential. In a comparison of students’ performance, between those in 
conditioned and naturally ventilated classrooms, by Mishra & Ramgopal (2015), the students in both 
classrooms were found to have similar levels of satisfaction. On the other hand, Wong & Khoo (2003) 
in a study of classrooms in Singapore found that none of the classrooms had thermal conditions falling 
within the comfort standards’ acceptable limits. The health effects of poor IEQ and Sick Building 
Syndrome (SBS) were investigated by Yee (2014), in which he reported that regularity of feeling cold, 
headache and dizziness, confusion, irritation of eyes, throat, nose and/or skin, nausea, fatigue and 
respiratory problems were very prominent. In a brief literature review conducted in the University of 
Padova, Italy by Peretti & Schiavon (2011), they realised that, almost all the IEQ surveys about 
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educational buildings they came across, mainly focused on North America, Europe and Australia, a few 
came from Asia and South America, while they noted a complete lack of data from Africa.  
In another field study of thermal comfort in naturally ventilated learning environments it was found 
that its enhancement leads to appreciable students’ attention and performance. A field study of 
thermal comfort in naturally ventilated classrooms in Cameroon by Kameni, Tchinda & Djongyang, 
(2013), revealed that the occupants found their environment comfortable for the three seasons the 
work was conducted, where a sense of general well-being was felt by their occupants. In their acoustic 
work in university classrooms Hodgson et al., (1999), concluded that students in an environment with 
good acoustic can focus on their work without unwelcome distractions, having a positive working and 
learning environment that facilitates the best possible outcomes. Ansaldi et al., (2007), in their work 
in Italian university classrooms found that on the whole thermal environments that were judged 
neutral or slightly warm were accepted. Similarly to enable students to perform visual tasks efficiently 
and accurately in their learning environments, adequate task light without side effects such as glare 
and flicker are to be ensured (McMullan, 2017). 
 
3.5 IEQ Parameters 
Discussions are going on as to what constitutes the IEQ indicators or parameters and as to whether 
they are actually capable of assessing the indoor environment of buildings.  As suggested by Bluyssen 
(2010), the indicators being often referred to and applied, do not really reflect in the whole, what 
constitutes the indoor environment of a building and their negative impacts on the building occupants. 
She continued to suggest that, for a performance indicator to stand the test, it needs to satisfy the 
occupants’ comfort aspirations in enhancing and guaranteeing their health and wellbeing. Dascalaki et 
al. (2009) were of the opinion that building occupants have always reported temperature, humidity, 
ventilation, light and noise as factors that affect their wellbeing, comfort and performance. They 
further opined that dissatisfaction of building occupants can be as a result of noise pollution generated 
from outdoors and or from the building services. Stuffy and dry indoors are perceived as having poor 
environmental conditions, while airy and properly ventilated interiors are positively judged (Hellgren 
et al., 2011). 
In the weighting of physical comfort factors of buildings, Chiang et al. (1999) revealed eight 
environmental parameters including thermal comfort, acoustics, vibration, illumination, indoor air 
quality, water quality, greening and electromagnetic field. Alzoubi et al., (2010) suggested that thermal 
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comfort, acoustic, lighting, electromagnetic frequency levels, portable water surveillance, indoor air 
quality, design issues such as aesthetics are the main parameters that ensure indoor environmental 
comfort of any building. In a health care facility study, Al-Harbi, (2005), categorized IEQ parameters 
into different levels based on their importance in enhancing environmental quality; thermal, acoustic 
and visual comfort and indoor air quality came on top.  
All of the above studies and many more, however, in one way or the other, measured: thermal, visual, 
and acoustic qualities as well as indoor air quality, in the various environments they conducted their 
works, having considered them to be the main IEQ parameters. In line with the general trend therefore, 
this study concentrated on the four main IEQ parameters that kept on recurring in the literature: 
thermal, visual and acoustic comfort and the indoor air quality. The four IEQ parameters and their 
measuring variables are illustrated in Figure 3.1 and are discussed in greater details below.  
 
Figure 3.1  IEQ and its measured parameters 
 
3.5.1 Thermal Comfort 
The American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) and 
International Organization for Standardization (ISO) define thermal comfort as “that condition of mind 
that expresses satisfaction with thermal environment” (ASHRAE (2013), 2013; ISO (2005), 2005). 
Whereas Shove (2003) defines comfort as “a feeling of contentment, a sense of coziness, or a state of 
physical and mental wellbeing”. However, the definition by ASHRAE depicts human psychological 
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dispensation, where one feels neither cool nor warm. On the other hand, Fanger, (1970), defines 
thermal comfort as the interaction of four physical parameters: air and radiant temperature, air 
velocity and relative humidity and two personal factors of clothing insulation and metabolic rate. 
Thermal comfort or thermal neutrality is maintained when the heat generated by human metabolism 
is allowed to dissipate, thus maintaining thermal equilibrium with the surroundings. Metabolism is the 
process by which the human body produces heat that must be balanced with the surrounding 
environment to maintain its core temperature (Nicol & Humphreys, 2002). This balancing process takes 
place through vasoconstriction and vasodilation, when the body is exposed to cold and hot conditions 
respectively. The former is the mechanism by which blood vessels constrict thereby decreasing blood 
flow to the skin and therefore retain the heat that is generated within the body. Vasodilation on the 
other hand widens the vessels thus increasing the blood flow resulting in dissipating the heat to the 
surrounding through the skin, sweating is a common phenomenon in this situation. This process is 
called thermoregulation, and is achieved through convection, radiation, evaporation and to a lesser 
extent conduction (McMullan, 2017). This balancing process is the foundation upon which Fanger 
(1970) based his climate chamber based model of thermal comfort prediction, which gained popularity 
and dominated the thermal comfort research for decades. 
Despite the dominance and progress attained in the climate chamber based thermal comfort research, 
a shift is witnessed from such model towards the involvement of building occupants in a real-world 
setting, as the final arbiters of the indoor thermal conditions (A Auliciems, 1989; Humphreys et al., 
2007). The current thermal comfort standards (ASHRAE (2013), 2013; CEN, 2007; ISO (2005), 2005) are 
dominated by these two most popular models that regulate our thermal environments; the climate 
chamber (predictive mean vote and predicted percentage dissatisfied (PMV-PPD) and the adaptive 
thermal comfort models (ATC). Based on these models, the international comfort standards 
recommend values, ranges and thresholds for the attainment of thermal comfort in indoor 
environments. Thus the view that the climate chamber model remains the single predictive approach 
for predicting the thermal conditions of our built environments led to high level of concern by the 
research community. Many researchers challenged the notion of its universality showing that it 
ignored the cultural, climatic, social and contextual dimensions of comfort (de Dear & Brager, 1998). 
Nicol et al. (1999), for example, stated that thermal comfort perception varies depending on climatic 
regions, people past experiences, people’s culture and their living conditions as well as their routines. 
These two approaches together with the thermal comfort standards are further discussed below. 
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3.5.1.1 Predicted Mean Vote (PMV) and Predicted Percentage Dissatisfied (PPD) 
The predicted mean vote (PMV) and predicted percentage dissatisfied (PPD), abbreviated as PMV-PPD  
model, is the pioneering approach upon which the International thermal comfort standards, ASHRAE 
55, CEN-EN 15251 and the International Organization for Standardization (ISO), relied upon (ASHRAE 
(2013), 2013; ISO (2005), 2005). The PMV-PPD model was developed by P. O. Fanger at Kansas State 
University and the Technical University of Denmark, using college-age subjects in a climate chamber, 
with the hope of determining the ideal thermal temperature to balance the core temperature of their 
bodies. Fanger varied the chamber’s temperature and controlled the other three environmental 
parameters (air velocity, mean radiant temperature and relative humidity) as well as the two personal 
factors (clothing insulation and metabolic rate) (Fanger, 1970). He then calculated the temperature at 
which the subjects neither felt cool nor warm, a state known as “thermal neutrality”. Equation 3.1 
shows the basic thermal balance equation and Equation 3.2 shows the relationship between the PMV 
and the PPD as produced by Fanger. Graphically Figure 3.2 shows this relationship, that even if PMV is 
equal to zero, PPD will not become zero but 5%. Meaning that however thermally comfortable an 
environment is, still some people will find it unacceptable. The four thermal comfort physical 
parameters and the two personal factors are further discussed below. 
 
Equation 3.1  Shows the basic thermal balance equation :  𝑀𝑀 −𝑊𝑊 = 𝐶𝐶 + 𝑅𝑅 + +𝐸𝐸 +(𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 + 𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟) + 𝑆𝑆 
Where M is the metabolic rate; W is mechanical work done; C is convective heat loss from 
the clothed body; R is radiative heat loss from the clothed body: E is evaporative heat loss 
from the clothed body; Cres is convective heat loss from respiration; Eres is evaporative heat 
loss from respiration and S is the rate at which heat is stored in the body tissues. 
 
Equation 3.2 shows the relationship between the PMV and the PPD :  𝑃𝑃𝑃𝑃𝑃𝑃 = 100 −95. 𝐶𝐶𝑒𝑒𝑒𝑒 (−0.03353𝑃𝑃𝑀𝑀𝑃𝑃4 − 0.2179𝑃𝑃𝑀𝑀𝑃𝑃2) 
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Figure 3.2 PMV and PPD relationship chart (ISO 7730) 
 
The PMV predicts the average vote of a large group of people on a seven-point thermal sensation scale 
and PPD predicts the percentage of people who will be dissatisfied within a given temperature level 
(Fanger, 1970). When 80% of the occupants are satisfied with an indoor environment it is assumed to 
be thermally comfortable, which means any space with more than 20% dissatisfied it is regarded as 
thermally uncomfortable. The indices are used internationally as it was adopted by ISO and ASHRAE 
standards to evaluate the thermal comfort of people living especially in conditioned buildings. But 
Fanger claims that the model could be applied anywhere in the world without modifying levels of 
activity or clothing insulation. The fact that the PMV-PPD model is based upon indoor occupants’ 
thermal stimuli driven by physics of the body’s thermal balance with its immediate environment and 
is tested with extensive and rigorous laboratory experiments yielding fairly consistent and 
reproducible results, might have led Fanger to make such a claim. This assertion by Fanger might have 
contributed to the frequent reviews and counter reviews on the model’s findings (Nicol et al., 2012; 
Roaf et al., 2010; van Hoof et al., 2010).  
 
3.5.1.2: Criticisms against PMV-PPD Model 
The main criticism of PMV/PPD model was the employment of unnatural way of predicting thermal 
comfort through laboratory research popularly known as climate chamber methodology. The most 
plausible answer offered by Fanger was that during the formative years of any new idea, laboratory-
based experiments are always the first options. 
The PMV-PPD model is also seen to predict thermal comfort well in buildings with HAVC systems, but 
field studies in warm climates showed that it predicts higher temperature than the occupants actually 
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feel, encouraging the use of more air-conditioning than necessary, which impacts negatively on energy. 
Fanger conceded to this and came up with an expression in the form of an expectancy factor ‘e’, which 
if multiplied with the PMV the results agrees with thermal sensation vote of occupants in naturally 
ventilated buildings (van Hoof, 2008). The PMV model also requires the knowledge of a clothing 
insulation and activity levels of occupants for its predictions, and these are difficult to measure in the 
field. This was also accepted and Fanger proposed the reduction of metabolic rate when calculating 
the PMV (P. O. Fanger & Toftum, 2002). 
It was also argued that it was not only in the naturally ventilated buildings that the PMV model was 
failing in its predictions, some levels of dissatisfaction were also found among occupants in air-
conditioned buildings due to the constant temperature. PMV proponents argued that everyone 
expects some level of constant temperature in an air-conditioned space, therefore dissatisfaction 
shouldn’t arise. 
Similarly the PMV-PPD model excluded the psychological, cultural and social dimensions of thermal 
comfort in its predictions. The response of Fanger to this was that, expressions of satisfaction or 
otherwise of thermal perception by occupants in a given space covers their psychological dimensions. 
 
3.5.1.3 Adaptive Thermal Comfort (ATC) Model 
The adaptive thermal comfort (ATC) model is built upon the notion that perception of indoor 
temperature is a function of outdoor temperature, that the indoor temperature can be varied with 
varying outdoor weather conditions and that different thermal experiences for summer and winter 
induce people’s behavioural dynamism (Nicol & Humphreys, 2002). The model is based on field surveys 
conducted in free running buildings (buildings without active heating or cooling systems) from four 
continents, where thermal comfort sensations of occupants were surveyed while they were engaged 
in their daily activities. Many research works were conducted because the research community was 
not convinced that the PMV model, which has influence on the comfort standards, could be the “one-
size-fits-all” solution (de Dear & Brager, 1998; Humphreys & Nicol, 2002; Nicol et al., 2012). The results 
demonstrate that people are more tolerant of temperature changes than is suggested by the 
laboratory-based studies and they consciously and unconsciously act to affect the heat balance. The 
adaptive principle states that: “if a change occurs such as to produce discomfort, people react in ways 
which tend to restore their comfort”. These actions could be behavioural, physiological or psychological 
(Humphreys, 2005). Since the emergence of this group of adaptive approach researchers and its 
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subsequent acceptance by the International comfort standards, many engineers and other building 
industry professionals found it simple to apply, and its application is found to result in substantial 
energy reduction (A Auliciems, 1989) in (Nicol & Humphreys, 2002).  
 
3.5.1.4 Criticisms against the Adaptive Model 
Major criticisms against the adaptive model were that it predicts the indoor comfort temperature by 
considering only one physical variable; the outdoor temperature, it over simplifies the comfort chart 
by representing it two dimensionally and excludes the thermal comfort parameters. However, on this 
Nicol and & Humphreys (2002) reasoned that some of the parameters are related to outdoor 
temperature. People’s level of clothing as well as their posture depend on outdoor temperature. The 
situation depicts a feedback system between the adaptive actions and the climate, which means that 
only outdoor temperature needs to be considered in a real situation in real buildings. 
Although the adaptive approach takes the credit for widening the range of acceptable comfort 
temperature, leading to savings in energy, it was argued that this may not be sustainable, as recent 
researches have shown that green buildings are much cooler in winter and much warmer in summer 
in comparison to conventional buildings (Paul & Taylor, 2008). Similarly the approach predicts the 
thermal sensation of occupants in naturally ventilated buildings in warm climates very well, it is also 
argued whether the approach will suit 21st century building types, where the occupants may wear 
different clothing and change their activity patterns. It is however opined that comfort temperature is 
as a result of the interaction between occupants and the building they occupy, therefore the more 
opportunity they have to adapt themselves to their environment the less likely they suffer discomforts. 
Another issue raised was how can the adaptive researchers explain the differences being witnessed 
today between the various adaptive comfort model research outcomes, which of them is right? The 
explanation offered was that it is a norm in research that one survey results may often do not apply to 
the data of another even in similar circumstances. The variation could be as a result of the fact that 
the buildings had obstructions to its windows operation, or lacked occupants’ means of control or had 
some dress code restriction, or could even be as a result of electrical blackout which compromises 
occupants’ acceptance of the thermal environment. 
 
Chapter Three 
Page 52 of 356 
 
3.5.1.5 Thermal Comfort Standards 
A standard has been defined by Collins English Dictionary as “a principle” or “an example” or “a 
measure used for comparison” (Collins English Dictionary). It is used as a measure of comparative 
evaluation. The International Organization for Standardization (ISO), defines standard as “a document 
that provides requirements, specifications, guidelines or characteristics that can be used consistently 
to ensure that materials, products, processes and services are fit for their purpose” (ISO (2005), 2005). 
Recommendations for thermal comfort requirements are often considered during the design stage of 
a new building or for the operation, maintenance and evaluation of an existing one. As mentioned 
earlier, the idea behind thermal comfort standards is for one to determine and maintain an ideal 
temperature or range of temperature for most people within an indoor environment. The most 
prominent thermal comfort standards being used globally include ASHRAE standard 55, ISO 7730 and 
EN 15251. 
 
3.5.1.6 International Organization for Standardization (ISO) 7730 
The International Organization for Standardization (ISO) is a world-wide federation of national 
standard bodies, founded by a number of participating countries (P-members) based on agreed rules 
and a system of voting. It was established in 1947 and has 130 member bodies, mostly from European 
nations. The organization’s activities cover the fields of engineering, technology, business, computing 
health and many others (ISO (2005), 2005).  
The edition that relates to thermal comfort is; ISO 7730-2005- Ergonomics of thermal environment –
Analytical determination and interpretation of thermal comfort using the calculation of PMV and PPD 
indices and local thermal comfort criteria. It presents methods for predicting the general thermal 
sensation and degree of discomfort of people exposed to moderate thermal environments. It is based 
upon the PMV and PPD thermal comfort model (Fanger, 1970). The PMV, as earlier stated, predicts 
the mean votes of a large group of people on the ISO thermal sensation scale: +3=hot; +2=warm; 
+1=slightly warm; 0=neutral; -1=slightly cool; -2=cool; -3=cold. While the PPD predicts the percentage 
of people likely to feel uncomfortable by feeling ‘too warm’ or ‘too cool’. It also provides methods for 
the assessment of local discomfort caused by draught, asymmetric radiation and temperature 
gradients. 
Other ISO standards that relate to the aspect of thermal environment include; ISO 10551-Ergonomics 
of thermal environment on subjective assessment methods; ISO 8996- Ergonomics of thermal comfort 
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on metabolic rates; ISO 9920-Ergonomics of thermal environment on clothing insulation; ISO 7726- 
Ergonomics of thermal environment on humidity; ISO TR 11079- Ergonomics of thermal environment 
on cold stress and local cooling effects (ISO (2005), 2005). 
 
3.5.1.7 ASHRAE Standard 55 
The American Society of Heating, Refrigerating and Air-conditioning Engineers (ASHRAE) regulates 
thermal environmental conditions for human occupancy, the latest edition is ASHRAE standard 55-
2013. The purpose of this edition is to specify the combination of indoor thermal environmental factors 
(air temperature, radiant temperature, relative humidity and air velocity) and personal factors (activity 
level and clothing insulation) that will produce thermal environmental conditions acceptable to a 
majority of occupants within a space. Generally, the standard specifies methods of determining 
thermal environmental conditions acceptable to a great percentage of healthy adults (usually 80%). It 
also incorporates the results of adaptive researches thereby covering non-mechanically ventilated 
buildings, the earlier editions were mainly based on Fanger’s PMV-PPD model.  
However the current edition of ASHRAE Standard 55 is limited in its scope, as it does not address non-
thermal environmental factors like air quality, acoustics and illumination. Neither does it cover other 
physical, chemical or biological space contaminants that may affect comfort or health of occupants in 
a given space (ASHRAE (2013), 2013). ASHRAE 55 was also not spared by de Dear & Brager (2002), they 
stated that, prior editions of the standard were based on the heat balance model of the human body, 
which is influenced by four physical and two personal parameters, however, occupant’s expectations 
and thermal preference as well as the psychological dimension of adaptation were not considered. 
They also stated that as the standard relies on the thermal acceptability of 80% or more of the 
occupants within a space, that “acceptability” was not precisely defined, rather the research 
community considered and agreed to mean “satisfaction”.  
 
3.5.1.8 EN 15251 
EN 15251-2007 is the European standard developed under the guidance of the European Committee 
for standardization (CEN). It is one of the standards that were intended to back up the Energy 
Performance of Building Directive (EPDA) (CEN, 2007; Humphreys et al., 2007). Its coverage includes 
the different experiences occupants have of the thermal environment in both mechanically and 
naturally ventilated buildings. Besides the PMV-PPD model, the standard also incorporated the 
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adaptive approach as a result of the European Union funded research project: Smart Controls and 
Thermal Comfort (SCATs), which was conducted in five European countries covering 26 offices, most 
of which were in the free-running mode in summer. It also embraced the weighting relationship 
between the indoor comfort and outdoor climate (CEN, 2007).  
EN 15251 standard has not been found to prescribe design methods, but to offer input parameters to 
the design of buildings, heating, cooling, ventilation, and lighting systems. It equally does not include 
criteria for local discomfort factors like draught, radiant temperature asymmetry, vertical air 
temperature differences and floor surface temperatures. Nicol & Wilson (2010) questions the 
standard’s usage of the running mean outdoor temperature to define a comfortable indoor thermal 
environment. Although the standard recommends applicability to a wide range of buildings, its 
introduction restricts its work to commercial workplaces and offices. There are also the inconsistencies 
in the standard’s claim that energy is always involved in determining the performances of buildings, 
although the acoustic performance of buildings may have implications for energy performance, it is 
not directly involved in energy use. The standard is also biased towards mechanical cooling or heating 
as against natural ventilation (Nicol & Wilson, 2010). 
All the three standards above incorporated the principles of PMV-PPD model as the basis for 
developing their thermal comfort predictions, however only ASHRAE and EN incorporated the adaptive 
approach. The concept of the adaptive comfort model of ASHRAE standard 55 and EN 15251 are 
identical. ASHRAE’s adaptive chart applies on naturally ventilated buildings, while EN 15251 deals with 
buildings in the free-running mode (buildings at the time of evaluation are operated without 
mechanical means). However, their two neutral temperatures were found to slightly differ due to 
differing derivation methods, ASHRAE used the prevailing mean monthly outdoor temperature, but EN 
15251 relied on weighted running mean outdoor temperature. ISO 7730 is yet to incorporate the 
adaptive approach in its works. In arriving at the thermal comfort indices, this study applied the 
methods recommended by both the PMV-PPD and adaptive models, under the guidance of ASHRAE 
55 and EN 15251 (Djongyyang et al., 2010; Nicol & Humphreys, 2010).  
 
3.6 Thermal comfort Parameters 
Thermal comfort may be described as the interaction of four physical parameters (air temperature, air 
velocity, mean radiant temperature and relative humidity) and two personal factors (clothing 
insulation and metabolic rate) (Fanger, 1970). Adaptive thermal comfort model, on the other hand 
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defines thermal comfort mainly by the use of outdoor mean temperatures. Two international comfort 
standards, ASHRAE-55 and EN 15251, use two variants of the outdoor mean temperatures, as 
explained in section 3.5.1.8 above. This study followed both the Fanger’s and the adaptive approaches 
in determining the performances of the learning environments. The six parameters used to arrive at 
the PMV-PPD model’s comfort indices are the air and mean radiant temperatures, air velocity, relative 
humidity, clothing insulation and metabolic rate. Outdoor running mean, monthly mean outdoor and 
operative temperatures are used for the adaptive model’s comfort indices evaluation. The account of 
both the PMV-PPD and the adaptive parameters on how they define the thermal comfort of an indoor 
environment is detailed below. 
 
3.6.1 Air Temperature (Tar) 
Air temperature, (Tar) is a measure of how hot or cold the air is. It is the most commonly measured 
weather parameter that influences the thermal condition of an occupant. Higher air temperature 
induces higher convective heat gain to the body and lower air temperature results in body heat loss 
(ASHRAE, 2007). It is however worth mentioning that comfortable air temperatures are normally lower 
than core body temperature, so to achieve comfort, in most cases, heat loss is involved. Two spaces 
can have varying degrees of air temperature due to a number of reasons; geographical location, 
altitude, type of enclosure, operability of openings, level of obstructions, type of activity they host and 
whether their locations are urban or rural (Santamouris et al., 2015). 
 
3.6.2 Air Velocity (Va) 
Increased air movement evaporates sweat by making the skin drier, this is done through natural or 
mechanical means, or by using ceiling fans. Air movement enhances occupant’s thermal comfort by 
reducing the heat loss from the body through convection and evaporation (Candido et al., 2010). 
Elevated air velocity is found to be equivalent of a drop in air temperature of about three degrees 
(Nicol et al., 2012). However, elevated air speed is more effective where the mean radiant temperature 
is higher,  as it reduces ‘skin-wettedness’, its effectiveness is affected by activity level and clothing 
insulation of the occupants. Air flow in a naturally ventilated space is facilitated by pressure differences 
between the external and internal environments which are also affected by the sizes, locations and 
orientations of the building openings (windows, doors etc.). Equally important, is the magnitude and 
angle of incidence of the wind. Details of how Va is measured using a probe is explained in Chapter 4. 
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3.6.3 Relative Humidity (RH) 
Humidity is the amount of water vapour in the air. Whereas relative humidity (RH) is the percentage 
of the prevailing partial water pressure in the air to the saturated water vapour pressure at the same 
temperature (Parsons, 2003). Humidity levels indoors are raised by the presence of moisture agents, 
such as human presence and their activities, airflow and rate of change, moisture level of the outdoor 
air, moisture flow through the building envelope and possible condensation (Woloszyn et al., 2009). 
Human thermal comfort is influenced by the level of RH in the environment. The body loses heat by 
evaporation from the skin and through respiration thereby maintaining the core temperature at a 
balance. Moderate RH facilitates human thermal comfort, high humidity restricts evaporation from 
the skin and in respiration, and low humidity leads to the drying out of the skin, mouth and throat 
(Szokolay, 2004). RH was measured in this study by using spot measuring instruments and data logger, 
details of which are explained in the next chapter. 
 
3.6.4 Mean Radiant Temperature (Tmr) 
Mean radiant temperature (MRT) is the temperature of an imaginary enclosure, in which radiant heat 
transfer from the human body is equal to the radiant heat transfer in the actual non-uniform enclosure 
(Fanger, 1972). Radiant temperature results particularly when electromagnetic radiation are emitted 
by various surfaces of an indoor environment, such as the walls, floor, ceiling etc. MRT is simply the 
area-weighted mean temperature of all the surrounding walls and surfaces and their positions with 
the respect to the person in an enclosure (ISO (2001), 2001). In most comfort studies MRT is obtained 
from a calculation using the air temperature, globe temperature and air speed. However, a 150mm 
matt-finish globe equipped with a temperature sensor at its centre is widely used to measure the MRT 
in an enclosed space (Kazkaz & M., 2013; Vernon, 1932), further details are discussed in Chapter 4.  
 
3.6.5 Clothing Insulation 
Clothing, being regarded as a second skin, allows the adaptation or adjustment to the thermal 
conditions in an indoor environment. Culture, tradition, climate, work ethics determine the type and 
layers of clothing worn by people both indoors and outdoors. Generally in the summer the clothing 
ensembles are lightweight, and more layers are added during the winter. In most regions of the world 
it is normal to appear in trousers, short or long sleeve shirts or blouses and occasionally a suit or jacket 
or sweater, as the season permits. Clothing insulation (clo) may be expressed in clo units, where 1 clo 
= 0.155K.m2.W-1. Clothing insulation values in summer of warm climate range from of 0.35 to 0.6 clo 
Chapter Three 
Page 57 of 356 
 
without sweater or jacket. During winter much thicker, more layers and heavier clothing ensembles 
are preferred, which typically range from 0.8 to 1.0 clo (CIBSE Guide A, 2015).  It may be interesting to 
know that in some cultures, like in Northern Nigeria, there is a set of people (emirs’ guards) who do 
not change their ensembles across the seasons, for they almost always appear in public with several 
layers of thick garments. On the contrary, the dress code in higher education institutions of Nigeria is 
in line with the western style and in the northern parts of the country, traditional long dresses are 
alternately worn. Figure 3.3 shows a photograph of the emir of Kano’s guard attire and Figure 3.4 
shows the dress code requirement instituted by Bayero University management for both students and 
teachers.  
  
 
Figure 3.3 A Emir of Kano’s guards attire 
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Figure 3.4 Typical clothing ensembles requirement in Bayero University, Kano 
 
 
3.6.6 Metabolic Rate 
Metabolism is the chemical processes by which body cells convert the fuel from food into the energy 
needed to do every activity the body needs to function. It is the rate at which the human body burns 
calories, this is affected by the food taken and the activity level. The level of metabolic rate affects how 
much the body perceives changes in temperature, a body at rest has low metabolic rate and therefore 
perceives the changes faster, and due to higher internal heating, higher activity causes decrease in the 
comfortable temperature (CIBSE Guide A, 2015). Surveying the thermal qualities of an indoor 
environment is best when the occupants are at rest for more than 15 minutes or are fully engaged in 
the actual activity that is appropriate for that environment (Nicol & Humphreys, 2002).  
Measuring metabolic rate could be a daunting task, although largely dependent on activity levels, 
eating, movement and temperature but numerous other factors affect the results. It is measured in 
met (metabolic equivalent of task), and a met is the ratio of the work metabolic rate to the resting 
metabolic rate. One met is defined as one joule per hour per kg body mass (J/h/kg) and is roughly 
equivalent to the energy cost of sitting quietly. This is often expressed in terms of the resting 
metabolism (where 1 met = 58.2 W/m2) (Nicol et al., 2012). The Chartered Institution of Building 
Services Engineers (CIBSE) in its guide A, as does ISO 7730, provides a table on the typical metabolic 
rate and heat generation per unit area of body surface for various activities. Similarly a weighted-
average metabolic rate may be used in the event that the activities frequently alternate, i.e. several 
times per hour. For illustration purposes, the average metabolic rate for a person typing for 50% of the 
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time, filing while seated for 25% of the time and walking on the same level for 25% of the time will be: 
(0.5 × 1.1) + (0.25 × 1.2) + (0.25 × 1.6) = 1.25 met (CIBSE Guide A, 2015).  
 
3.6.7 Running Mean Temperature (Trm) 
A running mean is sometimes referred to as a moving average. The adaptive comfort theory suggests 
that comfort is time-dependent, occupants of an indoor space would adapt to their environment over 
time by adjusting clothing, modifying behaviour, opening windows and so on. This suggests that the 
occupants may accept conditions that may otherwise be categorized as unacceptable. It was therefore 
proposed that an exponentially-weighted outside running mean temperature could account for this 
time dependent (BE EN, 15251). However ASHRAE Standard 55-2013 used the prevailing mean 
monthly outdoor temperature which is expressed as an average over a period of seven days or longer. 
The weight given to an item in the mean reduces according to how distant it is in the past. The equation 
for the exponentially-weighted running mean temperature (Trm) for time T is shown in Equation 3.3, 
accompanied by the simplified version. 
Equation 3.3 Expo.-weighted running mean temp.: 𝑇𝑇𝑟𝑟𝑟𝑟 =  (𝑇𝑇𝑜𝑜𝑜𝑜−1 + 𝛼𝛼𝑇𝑇𝑜𝑜𝑜𝑜−2 +  𝛼𝛼2𝑇𝑇𝑜𝑜𝑜𝑜−3 … … … . . )/(1 +  𝛼𝛼 + 𝛼𝛼2 + ⋯… ) 
Trm simplified equation: 𝑇𝑇𝑟𝑟𝑟𝑟 =  (1 − 𝛼𝛼)[𝑇𝑇(𝑡𝑡 − 1) + 𝛼𝛼𝑇𝑇(𝑡𝑡 − 2) + 𝛼𝛼2𝑇𝑇(𝑡𝑡 − 3) … … … ]  
Where Tod-1 is the daily mean outdoor temperature for the previous day, Tod-2 is the daily mean 
outdoor temperature for the day before and so on. α is a constant between 0 and 1 governs 
how quickly the running mean responds to the outdoor temperature (usually taken as 0.8). 
 
3.6.8 Operative temperature (Top) 
The operative temperature (Top) is an index that expresses the joint effect of a combination of the air 
temperature and mean radiant temperature into a single value. It is a weighted combination that is 
often used in studies as the primary index for assessing adaptive thermal comfort in buildings, the 
weights being in proportion to the convective and radiative heat transfer coefficients of the clothed 
human body (CIBSE Guide A, 2015). It used to be known as dry resultant temperature, but renamed as 
operative temperature to align with ASHRAE and ISO standards (Nicol et al., 2012). It is usually 
measured using a 150mm and some use 40 mm globe thermometer, details are further discussed in 
the next chapter. Top is usually evaluated using Equations 3.4 and 3.5. Where the air speed is less than 
0.1m/s, (as is typical in buildings) radiative and convective heat transfers may be similar, and so the 
equation can be simplified as shown in Equation 3.6.  
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Equation 3.4 Operative temp. A:  𝑇𝑇𝑜𝑜𝑜𝑜 =  �𝑇𝑇𝑟𝑟𝑟𝑟 +  �𝑇𝑇𝑎𝑎𝑟𝑟  𝑒𝑒 �10𝑃𝑃𝑎𝑎�� /�1 + �10𝑃𝑃𝑎𝑎� 
 
Equation 3.5 Operative temp. B: 𝑇𝑇𝑜𝑜𝑜𝑜 =  �(ℎ𝑟𝑟  𝑒𝑒 𝑇𝑇𝑟𝑟𝑟𝑟) +  (ℎ𝑐𝑐 𝑒𝑒 𝑇𝑇𝑎𝑎𝑟𝑟)�/(ℎ𝑟𝑟 + ℎ𝑐𝑐) 
 
Equation 3.6 Operative temp. C: 𝑇𝑇𝑜𝑜𝑜𝑜 =  (𝑇𝑇𝑎𝑎𝑟𝑟 + 𝑇𝑇𝑟𝑟𝑟𝑟)/2  
Where Tar is the air temperature, Tmr is the mean radiant temperature, hr is the radiative heat 
transfer coefficient, hc is the convective heat transfer coefficient and Va is the air speed (m/s)  
 
3.7 Visual Comfort 
Vision, causes a sensation in the brain when the eye sees light, is one of the psychological and 
physiological attributes that enhances human wellbeing, comfort and satisfaction. Visual comfort is 
defined by Walter Grondzik as "that state of mind that expresses satisfaction with the visual 
environment", it is achieved when a good balance is reached between lighting quantity and quality as 
well as the environmental quality of view (Bulow-Hube, 2008; Kim & Kim, 2010). Lighting quantity is 
the output and levels of illumination attained at any given task area, while lighting quality is a measure 
of brightness and colour of the light (EN 12464-1, 2011). Environmental quality of view, on the other 
hand, denotes connectivity of indoor occupants with outdoor nature, enhances the perception of 
freedom as against the feeling of being trapped or imprisoned, offers the sense of time and informs 
about the weather conditions (Boubekri, 2008). Natural light, is important to people’s health and 
wellbeing, it affects their mood, emotion and mental alertness. It supports and adjusts the circadian 
rhythms and influences people’s psychological state (EN 12464-1, 2011). Therefore, to enable people 
to perform visual tasks efficiently, safely and accurately, in any space, the right quantity and quality of 
light without glare, poor contrast and flicker should be provided (Bulow-Hube, 2008). 
 
3.7.1. Quantity of Illumination 
Illuminance (E) is the density of luminous flux reaching a surface, where 1 lux = 1 lumen/m2. Typical 
values of lighting in lux are; moonlight is 0.1 lux, street light is 10 lux, office light is usually 300 lux, 
overcast day is 1000 lux and direct sunlight is 100,000 lux (McMullan, 2017). The quantity of daylight 
requirements does vary between those for ambient (general space) lighting and for task (object or 
piece of work) lighting. Providing a single value of lighting level in a space proves to be unproductive. 
For example, in a classroom various activities are involved, such as reading a textbook with a large type 
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or writing on a whiteboard, a computer screen, a map on the wall and so on. Similarly, how much 
quantity is enough on a wall, floor, or step, all these tasks do not require the same amount of lighting 
levels. However from a large data gathered on lighting researches, the Illumination Engineering Society 
(IES) published a table recommending the acceptable values in an interior space. For example, in public 
spaces with dark surroundings such as a circulation area, 50 lux is recommended. For working spaces 
with occasional tasks a range of 100 lux to 200 lux is provided (IES Standard 90-1, 2013).  In learning 
environments, task area for reading and writing requires a minimum of 300 lux, up to 500 lux is 
demanded for laboratory and 750 lux for drawing studios and similar activities. The provision made by 
the Nigerian Building Code is a far cry from these values. 
 
3.7.2 The Need for Daylight 
Daylight, another name for natural light, is a combination of the visible radiation from direct (the sun 
and sky) and indirect (reflected light from surfaces) sources in the day time (SLL, 2014). The human 
body needs daylight in order to influence chemical reactions within the brain resulting in psychological 
wellbeing and resistance to depression and anxiety. Lack of daylight may make people suffer from 
health problems, such as seasonal affective disorder (SAD), a condition in which a person suffers from 
symptoms of depression (Kim & Kim, 2010). On the contrary, overexposure to direct sun radiation is 
to be avoided as it can have harmful effects on human body and eyes. Buildings may therefore be 
illuminated naturally or artificially or through their combination. However, daylight is a preferred 
source of light for indoor environments for a number of reasons; it is contextually abundant, cheap to 
harness, flicker free, it is enticing and ensures good quality colour, these, therefore reveal its 
effectiveness and energy saving qualities (Edwards & Torcellini, 2002).  
Before the 1940s, daylight was the principal source of light in buildings, this necessitated narrow 
building floor plans and large windows to maximize its usage. These design constraints were however 
removed with the introduction of electric light, which replaced natural lighting in most work places by 
meeting the occupants’ and the functional requirements (McMullan, 2017). In recent years however, 
due to energy, health and environmental concerns, daylight has been rediscovered and is actively 
being utilized in the design of buildings and other human endeavours (Heschong Mahong Group, 
1999).  
The amount of daylight an interior environment receives depends on the latitude of its location (it 
affects number of hours and direction of daylight); season; condition of the sky; number, size, position 
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and orientation of its apertures and the reflectivity of indoor surfaces. The dimensions of the building 
in both plan and section, its shape, size and number of roof apertures and orientation determine how 
much it can be day lit (Baker et al., 1993). The amount of daylight that penetrates into a building 
depends on the window wall ratio (WWR), where Zain-Ahmed et al. (2002) recommended an optimum 
value of 25% in the tropics. Kano, being in the tropical region, receives a daily average 12 hours of 
sunshine, this, if properly harnessed will reduce the use of artificial lighting and subsequently influence 
energy consumption (Al-Obaidi et al., 2014). Depending upon the factors enumerated above, outdoor 
illuminance can reach as high as 100,000 lux (is an SI unit of illuminance), while a day with 5,000 lux is 
considered gloomy, however, 500 lux found in many environments can be perceived as too bright 
(Kollmann & Schulz, 2006). With all the advantages the incorporation of daylight has in buildings, an 
effective use of daylight is not common in the Nigerian built environment (Oyedepo, 2012). 
 
3.7.3 Uniformity of Illumination 
Lighting uniformity affects people’s perception of the environment and the ability to navigate it. 
Uniform lighting allows one to perceive the environment continuously and without sudden breaks 
caused by lighting level drops. The frequent changes of, for example, contrasting high- and low-lit road 
segments cause enormous eye discomfort, leading to stress and tiredness and therefore jeopardizing 
road safety. Human eye takes time to adapt to new lighting conditions and frequent changes can for 
example cause some objects to be invisible (B. H. Evans, 1981). The uniformity ratio on room surfaces 
can be expressed as a ratio of the highest- to lowest-illumination levels in the space, similarly average 
lux levels versus minimum lux levels is also used. The closer to one the ratio is, the more uniformly lit 
the space is. The EN 12464-1 standard requires certain tasks to be provided with a certain uniformity 
of lighting, for example in schools technical drawing is the most demanding, requires a uniformity index 
of at least 0.7 (EN 12464-1, 2011). 
 
3.7.4 Excessive Brightness (Glare) 
Brightness is a function of the amount of light falling on the surface and the reflectivity of the surface. 
Excessive brightness or glare in the field of view is to be avoided except when it is an environmental 
requirement. Light sources with too high luminance can cause glare and complicate visibility of objects. 
Glare can cause tiredness, errors and injuries. It makes a viewer feel uncomfortable, but does not 
necessarily cause eye strain. It makes reading a computer screen or paper documents more taxing and 
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difficult. The Unified Glare Rating (UGR) is used to estimate the possible occurrence of glare. The 
maximum allowable UGR according to the EN 12 464-1 standard is 19 for most activities, with technical 
drawing demanding 16. Higher ratings are allowed for less critical environments such as reception (22) 
or archives (25) (EN 12464-1, 2011). 
 
3.7.5 Attributes of Visual Comfort in Learning Environments    
Visual comfort requirements in learning environments revolve around the ease with which to 
undertake reading, writing, drawing and laboratory work on the horizontal (students desks), vertical 
(white/blackboard) planes and sometimes in the intermediate planes (inclined drawing tables). These 
requirements are met when the quantity and uniformity of light as well as glare perception and view 
to the outer world are optimized. Heschong Mahong Group, (1999) in their study on visual comfort, 
concluded that optimum use of daylight in schools and offices results in improved task performance, 
reduces energy usage and diminishes the amount of CO2 emitted into the environment (Kim & Kim, 
2010). In a survey conducted in Hong Kong which investigated the preferences of lighting attributes 
relating to general and desktop brightness, glare, outdoor view, sunlight penetration and shading 
control as well the level of energy saving, quality of view topped the list. Quality of the view was closely 
followed by general brightness (Kim & Haberl, 2012). This study, therefore, considered four attributes 
of the visual comfort; quantity and uniformity of light, glare perception and quality of the view. The 
quantity of light in lux was instrumentally measured, uniformity of light was derived and glare and 
quality of view were evaluated through surveys. 
 
3.8 Acoustic Quality 
Sound, noise and acoustics are interchangeably used by many, but technically they mean different 
things. Sound refers to waves’ propagation in a given medium, while noise is an unwanted sound, and 
acoustics is the science that studies the mechanical waves that exist in the media (gas, liquid and solid). 
Acoustics sciences deal with the management and control of these unwanted sound in indoor 
environments (Sharland, 1990).  
Noise within an environment can cause irritation, discomfort and also results in health challenges 
(Kibert, 2012). It was found that poor classroom acoustics can create a negative learning environment, 
especially for students with hearing impairments, learning difficulties, or where English is the second 
language (Nasir et al., 2011). It was also reported that elevated noise levels can create stress, increase 
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workplace accident rates, and stimulate aggression and other anti-social behaviours. On the other 
hand, classrooms with low noise levels, free from excessive reverberation and noise from adjacent 
spaces, mean teachers don’t have to strain to be heard and pupils can focus on their work without 
unwelcome distractions, leading to a positive working and learning environment and allowing the best 
possible outcomes (Codreanu, 2013).  
Being a subjective phenomenon, sound could be perceived by one individual in a given environment 
as noise, but perceived as normal by another and or appreciated and accepted in another environment. 
However, factors such as loudness, tone, frequency and vibration may influence human perception of 
sound or noise wherever and whenever they occur. Moreover, occupants of an indoor space can do 
little to minimize the noise as its acoustic qualities are affected by its design, its size and shape, its 
surface materials’ absorptive qualities, level of occupancy and noise generated in and around it. (M. 
Hodgson, 1999). Although noise could emanate from within the building, a significant percentage 
originates from the outdoors. Building systems and services, as well as the occupants are the main 
internal sources. While adjoining spaces, roads, rails, airplanes, construction activities are the main 
external sources. The main paths that enable noise to penetrate indoor spaces are: the roofs, eaves, 
walls, windows, doors and flanking transmission, ducting and other penetrations. It can therefore be 
deduced that no two spaces could have a single solution to their acoustic problem, because they may 
have different sources of noise transmissions and noise sources.  
Researches around the world have shown that better learning takes place in an environment with good 
acoustical qualities, it enhances learning efficiency among students and reduces fatigue and stress 
among lecturers (Kruger & Zannin, 2004).  Verbal communication is believed to be one of the major 
acoustical concerns in a learning environment, therefore, the objective of any acoustical effort in a 
learning environment is to achieve suitable Indoor Ambient Noise Levels (IANL), Speech Intelligibility 
(SI) and suitable Reverberation Times (RT). This ensures clear communication of speech between 
teacher and students and vice versa (Seep & et al., 2000). In other words, the least acoustical effort 
desired from a designer of a learning environment, is to reduce the background noise, raise speech 
intelligibility level and achieve low RT as much as possible. This work dwelt on three acoustical 
indicators; background noise, speech intelligibility level and reverberation time. 
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3.8.1 Background Noise 
Background noise results from indoor and outdoor sources. In-class student activities and the building 
services are the main indoor sources, while student activity in the corridors or adjacent classrooms, 
and from other sources outside the classroom; such as traffic, rails and aero-planes are the external 
sources. The impacts of these depend on the acoustic characteristics of the learning environment and 
the path available for external noise intrusion. Elevated background noise reduces the quality of 
speech and this might affect the performance of the students and possibly cause the teachers to suffer 
from fatigue (M. Hodgson, 1999). The unit of sound and noise is the decibel (dB), and usually written 
as dB(A). A decibel is a logarithmic unit of sound intensity which is ten times the logarithm of the ratio 
of the sound intensity to some reference intensity. While the ‘A’ in the dB(A) indicates the reference 
value by which the ratio is calculated, which is a weighting filter used to approximate the human ear’s 
response to sound. Several countries such as Brazil, France, Germany, United Kingdom and the USA, 
issued recommendations limiting indoor background noise in learning environments in dB(A) as shown 
in Table 3.1 below.  
Table 3.1 Background noise limits 
COUNTRY CLASSROOM dB(A) LABORATORY dB(A) 
BRAZIL 40-50  45–55  
FRANCE 38  40  
GERMANY 30-40  35–45  
USA 35-40  40–45  
CIBSE 30-40  40-50  
Adapted from (ANC, 2011; CIBSE Guide A, 2015) 
 
 
 
3.8.2 Reverberation Time (RT) 
Reverberation time (RT), is stated as a sound decay time after interruption of propagation and is 
measured in seconds. Measuring RT is important because sound pressure level from noise sources, 
speech intelligibility and perception of sound privacy are all dependent on it. RT60 or decay time may 
be defined as the period it takes the signal to diminish by 60 dB below the original sound. If the decay 
is linear, it is sufficient to measure a drop of 20 dB and multiply the time by 3, or to a drop of 30 dB 
and multiply the time by 2. These are the RT20 and RT30 measurement methods respectively (ISO (2008), 
2008). In the late 19th century, Wallace Clement Sabine started experiments at Harvard University to 
investigate the reverberation phenomenon. Using a portable wind chest and organ pipes as a sound 
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source, a stopwatch and his ears, he measured the time from interruption of the source to inaudibility 
(a difference of roughly 60 dB). It can also be measured using a level recorder, which is a plotting device 
which graphs the noise level against time on a ribbon of moving paper. A loud noise is produced, and 
as the sound dies away, the trace on the level recorder shows a distinct slope. Analysis of this slope 
reveals the measured reverberation time, Figure 3.5 shows this illustration. The required reverberation 
time for lecture spaces with fewer than 50 people and laboratories, should be equal to or less than 0.8 
seconds, while for those spaces with higher occupancy levels and libraries, should not exceed 1.0 
second (Building Bulletin (BB 93), 2003). 
 
Figure 3.5 Reverberation time illustrated 
 
3.8.3 Speech Intelligibility (SI) 
The percentage of words spoken by a speaker and heard correctly by an average listener is what 
constitutes speech intelligibility (SI). One method of measuring SI is by using word identification tests, 
in which the listener determines by transcription what was exactly said. In which case the number of 
the correct answers divided by the total number of answers gives a percentage. If speech intelligibility 
of any space is less than 90 percent, acoustical treatments should be implemented to reduce 
reverberation and/or improve signal/noise level (ANC, 2011).  
Another method of ensuring a satisfactory SI in an indoor environment is through the use of 
signal/noise level. Signal/noise level (S/N) is the average difference of dB by which equivalent sound 
pressure level (say the sound level of a teacher’s voice) is higher than background noise level in an 
indoor space. Using the definition of S/N, Equation 3.7 shows their logarithmic relationship. 
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Equation 3.7 relationship of S/N ratio: 𝑆𝑆/𝑁𝑁𝑜𝑜𝑑𝑑 = 𝑙𝑙𝑇𝑇𝑙𝑙10�𝑃𝑃𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠/𝑃𝑃𝑠𝑠𝑜𝑜𝑠𝑠𝑟𝑟𝑟𝑟� 
 
Where 𝑙𝑙𝑇𝑇𝑙𝑙10 �𝑃𝑃𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠/𝑃𝑃𝑠𝑠𝑜𝑜𝑠𝑠𝑟𝑟𝑟𝑟� =  𝑙𝑙𝑇𝑇𝑙𝑙10�𝑃𝑃𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠� −  𝑙𝑙𝑇𝑇𝑙𝑙10(𝑃𝑃𝑠𝑠𝑜𝑜𝑠𝑠𝑟𝑟𝑟𝑟) 
As an illustration, if the sound pressure level (SPL) of the teacher’s voice is 55 dB(A), and the 
background noise is 44 dB(A), then the S/N in the teaching room will be log(55) – log(44) = 14.4dB(A), 
and this is sufficient for good speech intelligibility, as 10 dB is the minimum requirement (ANC, 2011). 
This is based on the fact that a noise source that is louder than another, is largely unaffected by the 
quieter one (a difference of more than 10dB makes little difference to the higher noise level) (Collman, 
2014). The lower the S/N while RT is constant, the lower will be the speech intelligibility, similarly the 
speech suffers from increased RT. It is therefore most important for the background noise level in all 
the learning environments to be within the acceptable range if a proper S/N level and SI are to be 
maintained (ISO (2006), 2006). As stated earlier three attributes of the acoustic quality were 
considered and evaluated by this study; background noise, speech intelligibility and reverberation 
time. While background noise levels were instrumentally measured speech intelligibility and 
reverberation times were derived. 
 
3.9 Indoor Air Quality (IAQ) 
Indoor air quality (IAQ) is defined by the ASHRAE IAQ Guide, as the “air in which there are no known 
contaminants at harmful concentrations as determined by cognizant authorities and with which a 
substantial majority (80% or more) of the people exposed do not express dissatisfaction” (ASHRAE 
(2016), 2016). IAQ as a measure of air freshness enhances the health, comfort and wellbeing of indoor 
occupants. Air pollution phenomenon has been attracting attention in especially developed countries 
due to the links established between the natural environment and human health and economic 
implications (De Longueville et al., 2010). Similarly it attracts attention due to the findings that 25% to 
33% of global disease burden is attributed to environmental factors (K. Smith et al., 1999). In another 
study it was estimated that the cost of poor IAQ in Western Europe ran into billions of Euros per year 
in the form of medical care costs, loss of income during absence, days lost due to illness, poor work 
performance and low productivity (U.S. EPA, 2000).  
Many health effects such as respiratory diseases, allergy cases, mucous membrane irritation, lung 
cancer and sick building syndrome, have been attributed to poor IAQ, in the form of high CO2 
concentration, the presence of dampness and mould (Bruce et al., 2000). Poor IAQ was also found to 
increase the risks of respiratory diseases and asthmatic symptoms on the occupants of schools, offices 
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and residential houses, (W.J. Fisk et al., 2007). Good IAQ on the other hand, has been found to enhance 
students’ performances (Stolz & et. al., 2008). Occupants of adequately ventilated classrooms have 
been found to perform well in mental tasks and their teachers were found to be very active and more 
productive (Shendell & et. al., 2004; Sundell & et. al., 2011).  
Northern Nigeria is faced with perennial pollution from the deposits of the Sahara desert dust that 
blows during the months of November to February every year (Okunola et al., 2012). This phenomenon 
however, has not received the necessary attention it deserves (De Longueville et al., 2010). It has been 
observed that the dust from the Sahara also travels long distances even outside the African continent, 
making it a global problem. The presence of the Sahara desert dust and its effects have been reported 
by many researchers to reach as far as Western Europe and the Americas (Chineke & Chiemeka, 2009; 
Ginoux et al., 2012). It was only in 1998 that the Nigerian government set up an agency (Environmental 
Protection Agency - EPA) for the protection of external environment, through regulating, controlling 
and monitoring environmental pollution in the country, however, no reference was made to the 
inconveniences caused by the Sahara desert dust to the public (Chineke & Chiemeka, 2009). Ordinarily 
days are very clear in Kano, but on a typical dusty day , during the Harmattan season, visibility is greatly 
reduced, photos of dusty and clear days in Kano, dusty Abuja and the red sky in London as a result of 
the blowing dust are shown in Figures 3.6 to 3.8.  
 
3.9.1 IAQ Pollutants 
The quality of an indoor air is determined by the level of contaminants and flow of adequate air in and 
around an indoor environment. There is a relationship between ventilation and IAQ. An indoor space 
having a free flow of outdoor air in and out tends to reduce the level of the concentration of air 
pollutants within the space, but is likely to bring in dust indoors. The contaminated air is being replaced 
by clean air resulting from proper ventilation processes.  
The category of IAQ pollutants being researched upon consist of physical, chemical and biological 
elements such as: carbon dioxide (CO2), carbon monoxide (CO), particulate matter (PM), haze, 
formaldehyde, dust mites, ammonia (NH3), ground-level ozone (O3), volatile organic compounds 
(VOCs), hazardous air pollutants (HAPs). Another source of pollution indoors is its furnishing, which 
includes carpeting, wall and ceiling paneling, painting, seat upholstery etc., therefore as much as 
possible, low polluting indoor materials (natural/traditional materials) are preferable, such as stone, 
glass and metals, because they are known to be healthier with respect to emissions (WHO, 2003). The 
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most occurring pollutants in a Northern Nigeria’s Higher Education facility are the flow of dust from 
the Sahara desert and by those resulting from overcrowding in the learning environments as a result 
of over population and non-expansion of the learning facilities. However, this study concentrated on 
carbon dioxide (CO2) and particulate matter (PM) as the variables that determine the quality of the 
indoor air environment in the buildings. Due to faulty instrument the desert dust was not measured. 
 
 
Dusty days in Kano in Harmattan season 
 
Clear days in Kano 
Figure 3.6 Dusty (During Harmattan Season) and clear days in Kano 
  
Figure 3.7 Dusty Abuja during the Harmattan Season 
 
  
Figure 3.8 Red sky in London (Effect of the blowing dust) 
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3.9.1.1 Carbon Dioxide (CO2)  
Carbon dioxide (CO2) is a colourless incombustible gaseous element, present in the atmosphere and 
formed during respiration. It is also obtained in the burning of fossils fuels, from carbohydrates by 
fermentation, by reaction of the acid with limestone and is obtained naturally from springs. CO2 is 
known to be responsible for the global warming, it is however used in industries as dry ice, in 
carbonated beverages, fire extinguisher etc. But at high concentration level indoors, it has a very sharp, 
acidic odour that is irritating to humans. Similarly a prolonged exposure to a high level concentration 
of CO2 (say above 1,500 parts per million (ppm)) causes drowsiness, headaches which affect attention 
of occupants in educational environments and may be harmful to the human health (US-EPA, 2017). 
External CO2 concentration is known to hover around 400 ppm (Dennis, 2017), the closer the indoor 
CO2 concentration is to this level, the better for the occupants of the building. Overcrowding, as a result 
of exceeding the design occupancy level, causes human bio-effluents to rise, thus the level of CO2 
indoors becomes higher than outdoors.  
 
3.9.1.2 Particulate Matter (PM) 
Particulate matter (PM) is also referred to as fine inhalable matter, which are the sum of all solid and 
liquid particles suspended in the air many of which are hazardous (US-EPA, 2016). PM is produced from 
a wide variety of sources — natural and human-caused, large and small. It is comprised of directly 
emitted particles, and secondary particles formed in the atmosphere through interactions of directly 
emitted pollutants such as sulfur oxides, nitrogen oxides, ammonia, and volatile organic compounds. 
Wood (from cooking or bush burning) and fossil-fuel burning are some of the main human-caused 
sources and are common practice in Kano region. They are often divided into two main groups based 
on size. The coarse fractions contain size from 2.5 microns (PM2.5) up to 10 microns (PM10) in diameter. 
The fine fractions contain 2.5 microns or less. Of major concern are particles that are PM2.5 or smaller 
in diameter because they can lodge deep into the lungs, and cause respiratory and cardiac problems 
(WHO, 2000). This study measured PM2.5 and PM10 in the learning environments. 
3.9.1.3 Sahara Dust 
North–east trade winds flow over Sub-Saharan Africa from late November to March carrying with it 
dry dust. Stormy activities in the depression of Chad Basin raise a large amount of dust into the 
atmosphere and transport some over West Africa to the Gulf of Guinea, depositing, re-suspending and 
re-depositing along the transport path. The Harmattan winds are often found in Nigeria, Benin, Togo, 
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Ghana and the Cote D’voire, and the quantity and the impact of the dust is greater in the Northern 
parts of these countries and that the dust particles become finer in size as they move further south 
(Uduma & Jimoh, 2013). Being a country in West Africa, Nigeria is one of the countries most exposed 
to desert dust because of its proximity to the main emission source area and its location with regard 
to the dominant trade winds. Among the atmospheric aerosols, mineral dust produced from wind-
blown Sahara dust is one of the largest contributors to the global aerosols loading (contributes about 
58% of the global Harmattan emission). It has strong impacts on human health, agriculture, micro - 
climate, visibility and the ecosystems of a large area of West Africa, and even on the global 
environment (Tanaka & Chiba, 2006). When inhaled these particles evade the natural defenses of the 
respiratory system and lodge deep in the lungs causing serious health complications (De Longueville 
et al., 2010). It has become common especially in Northern Nigeria, for people to experience nasal 
congestion, cough, muscular aches and pains, painful watery eyes, and unusually high body 
temperature during the more dusty Harmattan periods. Uduma & Jimoh, (2013) studied Harmattan 
dust and hospitalization data, the results confirm a correlation between Harmattan dust impact and 
human health in Kano. 
 
3.10 Elements Affecting Indoor Environmental Comfort in Buildings 
In addition to human personal factors, the outdoor environment together with the design 
characteristics of an indoor space influences the comfort of its occupants (Oral & Yener, 2004). The 
outdoor environment includes the climate, the solar radiation, humidity and air movement. While the 
indoor design characteristics are as a result of the design requirements and the ingenuity of the 
designer, where building form, orientation, location, use of openings, thermal mass, surrounding 
structures and vegetation are utilized to achieve the desired effect. Other aspects being utilized include 
the situation of the space in question: floor area and volume, properties of the openings’ transparent 
components, and materials finishes, etc. These when incorporated in the design and construction of 
buildings, assist greatly in achieving the desired indoor conditions and are further discussed below. 
 
3.10.1 Passive Comfort Drivers  
The main passive drivers that influence the indoor comfort in a given region, are its climatic conditions, 
mainly solar radiation and wind movement pattern (ASHRAE, 2009; Givoni, 1998; Thellier et al., 2009). 
Though these are beyond the control of designers, they must be considered in optimizing the 
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environmental performance of buildings. Detailed discussions on the most common of them are 
presented below.   
 
3.10.1.1 Sun Path 
The latitude of a location determines its sun path. Sun path affects the length of the daytime 
experienced and the amount of daylight received during a given season. During the winter (Dec 21) 
solstice, Kano witnesses the rising sun from the southeast at a low angle above the southern horizon, 
and sets in the southwest. Days are relatively shorter and shadows are relatively longer in the northern 
orientations. Sunshine hours recorded during this day stand at 11 hours 25 minutes. South oriented 
buildings receive higher thermal energy than other orientations. During the summer (June 21), the sun 
rises in the northeast and sets in the northwest, relatively longer days, with sunshine hours reaching 
12 hours 49 minutes. During the equinoxes (March 21 and Sept 21) however, the sun rises directly 
from the east and sets due west with equal length of days and nights and the sunshine hours stand at 
12 hours 8 minutes. Figures 3.9, to 3.11 show the general sun-path in Kano for the equinox and the 
solstices as well as the seasonal shadows formed respectively.  
 
a 
 
b - Autumn and Spring Equinoxes 
Figure 3.9 a - General sun path diagrams and b – Sun path on equinox days for Kano (Andrewmash.com, 2018) 
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a - Winter Solstice 
 
 
b - Summer Solstice 
 
Figure 3.10 Sun path diagrams on solstice days for Kano (Andrewmash.com, 2018) 
 
a - Sun-path in Kano on December 21, at 14:00 
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b - Sun-path in Kano on June 21, at 14:00 
Figure 3.11 Typical sun path diagrams showing shadows on solstice days in Kano (Andrewmash.com, 2018) 
 
3.10.1.2: Air Movement 
Passive design solutions make use of wind assisted air movement through openings, where cooler and 
fresher air replaces hot and stale within a building, this provides a cooling effect to the occupants and 
reduces the discomfort due to poor air quality (Olgyay, 2015). Air moves because of differences in 
heating and flows from an area of higher pressure to an area of lower pressure. The condition of the 
air from the earth is hottest at the equator, thus it moves and gets cooler toward the poles. By the 
time this moving air, known as “trade wind”, reaches 30° at the N or S latitude, it cools and sinks to the 
surface. And then flows over the surface back to the equator. Kano lies on latitude 12 °N, it is therefore 
under the influence of these trade winds, in the winter the wind is cool and dry (northeast trade winds) 
and it is warm and wet in the summer (southwest trade winds).  
It is well known that air movement, infiltration, climate, overcrowding, size and number of openings 
and air temperature differences between indoors and outdoors of an indoor environment determine 
the level and quality of its air. However, during the cooler months of winter air supply indoors is lowest 
in Northern Nigeria, doors and windows are normally closed, this raises the level of CO2 indoors.  
 
3.10.1.3: Natural Ventilation 
Ventilation is the process of supplying fresh air into buildings and getting rid of the stale air 
mechanically or through natural means. The impact of natural ventilation on indoor environmental 
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quality physical parameters (thermal, visual and acoustic comfort and indoor air quality) in the built 
environment has been the subject of discussion for many years (CIBSE SLL, 2005). The issue becomes 
relevant as it has the potential of reducing energy consumption in naturally ventilated buildings and 
of combating the effect of climate change by embracing the tenets of sustainability (Clements-Croome, 
2000). Indoor environments in Kano are characterized by high temperature, a high concentration of 
CO2 and higher levels of pollution than outdoors. These occur especially during high occupancy in 
summer days arising from high solar and internal heat gains, therefore the faster these are controlled 
the better for internal comfort (ASHRAE (2009), 2009). These can be controlled through the supply of 
air from outdoors to indoors through mechanical systems, natural ventilation or a combination of the 
two (McMullan, 2017). Natural ventilation is different from mechanically induced cooling, as it does 
not provide constant environmental conditions at all times (Lee & Chang, 1999). The challenge is to 
ingeniously control these varying natural forces of solar and internal heat gains that emanate from 
solar radiation and the occupants respectively, and from the equipment and machines the people use 
indoors.  
Natural ventilation is driven by two natural phenomena; wind and buoyancy effects, both of which 
make use of openings (doors, windows and other architectural apertures) on the buildings envelop. 
The challenge is that these openings serve as noise transmission paths from outside to inside. 
Additionally, most of them do let in solar radiation indoors for the supply of daylight, and depending 
on their sizes, locations and orientations, they could contribute to unwanted solar heat gain indoors 
and may also cause glare. Similarly, the design of high thermal mass (ability of a material to store heat 
energy) envelops and the provision of hard internal surfaces with accompanying few openings though 
have a great positive impact on space acoustic quality. Furthermore, as the stack effect occurs due to 
the differences between the indoors and outdoors air pressures and as a result of temperature 
differences (Szokolay, 2004), it is very effective in hot and dry/humid climates especially when 
combined with courtyard and vegetative shading. The use of courtyards, facilitates cross ventilation by 
providing openings onto them, is a common practice in Kano region, but is often associated with 
residential buildings’ design (Akande, 2010; Hayatu et al., 2015; Moughtin, 1985).  
 
3.11: Passive Design Applications 
A passive design strategy incorporates the skills and talents of a designer in manipulating the natural 
processes and resources to optimize cooling, heating, lighting and ventilation for indoor spaces with 
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little or no mechanical assistance. Three passive design solutions theories exist; that of prevention, 
delay and expulsion of solar radiation, are found to be the best approaches in optimizing indoor 
comfort in a region that is characterized by hot and dry conditions due to high solar radiation and low 
humidity (Dilshan et al., 2008). Considering the foregoing therefore, the following design strategies are 
highlighted for application in the hot and dry climate of Nigeria to achieve indoor comfort. 
 
3.11.1: Thermal Mass 
Thermal mass generally describes the ability of any material to store heat. The correct use of thermal 
mass can delay heat flow through the building envelope by as much as 10−12 hours, producing a 
warmer indoors at night in the winter and a cooler one during the day in the summer (A. Wilson, 1998). 
Therefore in hot and dry climate such as that of Kano, heat resistant envelopes, are preferred over low 
resistive ones. The prevalent wall construction materials in Nigeria is the sandcrete block, concrete, 
brick, glass and to a lesser extent timber. Table 3.2 shows the thermal properties of common 
construction materials found in the region. Figure 3.12 shows the daily action of thermal mass 
structure and its actions during a given season.  
 
Table 3.2 Thermal properties of common construction materials 
Building material Density 
(kg/m3) 
Thermal 
conductivity 
(W/m.K) 
Specific heat 
capacity (J/kg.K) 
Effective thermal 
mass 
Timber 500 0.13 1600 Low 
Steel 7800 50 450 Low 
Lightweight aggregate block 1400 0.57 1000 Medium-high 
Precast and in-situ concrete 2300 1.75 1000 High 
Brick 1750 0.77 1000 High 
Sandstone 2300 1.8 1000 High 
Adopted from (ISO (2007), 2007; The concrete centre, 2017) 
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Figure 3.12 Stabilising effect of thermal mass on internal temperature (Source: (The concrete centre, 2017) 
 
 
3.11.2: Building Orientation  
Building orientation can be used to either admit or exclude solar radiation, which aids in reducing 
heating or cooling loads. Properly oriented buildings take advantage of solar radiation and prevailing 
winds. Hyde (2000) asserts that a building’s orientation is a key component in lighting, thermal and 
ventilation via natural means. The results of many studies in the tropics reveal that the best orientation 
for a building is for the longer axis of the building to lie along the east-west direction (Gut & 
Ackerknecht, 1993; Wong & Li, 2007). The results also advise that east and west façades should have 
fewer openings because the altitude of the sun is lowest in the mornings and afternoons respectively, 
causing the walls to receive higher solar radiation. However, orienting the longer axis of the buildings 
towards east - west directions, as suggested by Gut & Ackerknecht (1993) and Wong & Li (2007), might 
present some difficulties in a city like Kano, where site orientations are mostly dictated by master plans 
and survey layouts (Adebamowo & Ilesanmi, 2012), thus utilization of room orientations comes to the 
rescue. 
3.11.3: Room Orientation 
As southern facades of buildings in Kano receive the most sunshine hours, followed by the western 
and eastern facades, spaces within a building can be placed based on their functions and the time 
period they are put to use. Spaces that are used often should be located on the northern part of a 
building, while those used in the night can be located on the coolest part of the building (Gut & 
Ackerknecht, 1993). To some extent the cooler parts of buildings in Kano region are the northern and 
eastern sides. Circulation spaces, conveniences, stair cases, lifts and other auxiliary spaces can be 
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located on the disadvantaged sides, mainly on the western side of the layout. Rooms with high internal 
heat gain, such as kitchens, boiler rooms and the like should be detached from the main building, 
otherwise can be located on the disadvantaged sides also. Open plan interiors (such as laboratory 
spaces) can also be adopted, as they seem to make small spaces larger (Miller, 2018), facilitate free 
circulation of air and enable deeper penetration of daylight. 
3.11.4: Building Compactness Factor 
This indicator presents the relationship between the total surface area of a space and the volume 
enclosed by the envelope and this affects the space’s thermal and visual performances. Michel & 
Elsayed (2006) concurred that a building’s form/geometry has an impact on indoor comfort and energy 
use. They also indicated that a building’s geometry affects the radiation balance, wind conditions and 
heat exchange due to the ratio of its exposed surfaces by affecting both lighting and thermal comfort 
in buildings. Building compactness factor facilitates faster airflow pattern in and around the building, 
directly affecting its ventilation, the more compact a building is, the less wasteful it is in gaining or 
losing heat. Similarly the depth of a building, which is shallow in a compact building, determines the 
requirements for artificial lighting, the greater the depth, the higher the need for artificial lighting. 
Hence in hot and dry climates, like that of Kano, buildings should be compact with a low building 
compactness factor, this contributes to the reduction in heat gains and losses. 
3.11.5: Window to Wall Ratio (WWR) 
Windows are desirable for ventilation, daylight and viewing purposes, so their sizes and other 
properties need to be considered for the purposes of lighting, view and solar radiation control 
(Baker & Steemers, 2002). In tropical climates, recommendations for the sizes of window openings 
vary greatly from full wall openings to slim and narrow sizes (Givoni, 1998; Gut & Ackerknecht, 
1993). The National Building Code of Nigeria (NBC) specifies 10% as the minimum exterior glazed 
façade area and 5% for operable apertures based on the total floor area for good daylight and 
ventilation indoors (National Building Code (NBC), 2006). However, the traditional architecture in 
Kano and other cities in Northern Nigeria exhibits buildings with small windows (small window-wall 
ratio), especially in mud buildings, this is perhaps done to reduce solar radiation at the expense of 
indoor lighting (Inusa & Alibaba, 2017).  
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3.11.6: Fenestration Factor 
Fenestration factor relates the total glazing area with the total floor area of a given space. It is a useful 
parameter for determining the appropriate window size for an internal floor area of space in order to 
achieve visual comfort. For daylighting purposes, the fenestration factor should be considered in 
relation to the planes on which lighting is required and the tasks that are carried out in the room. Based 
on Baker and Steamers (2002) recommendations, a fenestration factor of between 10% to 25% 
provides a high illumination level indoors and a 4% and below yields low illumination. The building 
standards for Nigeria recommends a 10% minimum fenestration factor (National Building Code (NBC), 
2006) which suggests that a high level of illumination is required in Nigerian buildings. Placing of 
windows on more than one side of a building enhances both the levels and distribution of daylight and 
cross ventilation of a building. Figure 3.13 and shows the usefulness of placing windows on more than 
one side of an indoor space, while Figure 3.14 shows the decreasing levels of daylight coming from a 
single side of a building in relation to its depth. 
 
 
Figure 3.13 Effect of window location on air flow in a room (adapted from Brown & Dekay, 2001) 
 
 
100% Illumination level 
above 300 lux on a working 
plane across the room 
 
53.6% Illumination level above 300 lux 
on a working plane across the room 
 
35.2% Illumination level above 300 lux on a 
working plane across the room 
Figure 3.14 Pattern of daylight penetration for spaces with different plan depths (adapted from Abdulkareem, M. 2016) 
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3.11.7: Window Shading Devices 
Shading devices are used to limit the amount of solar radiation that reaches the building’s interior as 
well as regulating the amount of daylight in a room, these can be applied externally or internally (Kim 
& Kim, 2010). Façades with large openings will allow more daylight and exterior views, but they can 
also lead to increased cooling and/or heating demand in buildings, therefore require one form of 
shading or another. Thus the balance between window sizes and shading device sizes, locations and 
types in the form of vertical, horizontal and composite shelves is an important factor to consider (Kadiri 
& Okosun, 2006; Tzempelikos & Athienitis, 2007). In addition, a balance should be struck by considering 
appropriate shading devices which can allow sun penetration in the cooler months and prevent it in 
the warmer ones (Zomorodian & Nasrollahi, 2013). Figures 3.15 and 3.16 show the typical fixed shading 
devices that are mostly used in Kano region rightly or wrongly. Similarly the photographs in Figure 3.17 
depict the application of the shading devices in practice in the university. 
 
 
Overhang 
 
Fins 
 
Sills 
 
Egg-crates 
 
Light-shelves 
Figure 3.15 Common types of external shading devices found in Nigeria (Baker et al., 1993) 
 
 
Figure 3.16 Seasonal effect of overhang shading devices ((Baker et al., 1993)) 
Chapter Three 
Page 81 of 356 
 
 
 
a = Use of verandas for shading 
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b = Use of wall fins and vegetation for shading 
            
c = Use of fins and roof overhang for shading 
Figure 3.17 Vertical and horizontal external shading devices in use at BUK 
 
 
3.12 Summary 
For the comfort, health, and wellbeing of indoor occupants, and for the preservation of the world’s 
scarce resources for future generations, studies on how buildings perform and environmental 
sustainability need to be encouraged the world over. From the review of the literature, it is evident 
that enhanced IEQ can have a positive impact on occupants’ comfort, health, and performance, and 
its enhancement is also seen to reduce the energy consumption by buildings. The absence of, or poor 
quality IEQ of an environment, leads to discomfort, anxiety, stress, sick building syndrome among its 
occupants, which ultimately led to a reduction in academic performances as well as lowering of 
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workers’ productivity. Furthermore the concentration of IEQ researches in many building types, such 
as office buildings, healthcare facilities, schools, commercial entities, etc., were mostly found in 
advanced countries that are situated in the middle and higher latitudes of the world.The literature also 
shows that, the level of published research activities in indoor environmental quality from Sub-Saharan 
Africa is very low, if not absent. This absence of IEQ studies in the case of Nigeria is evidently recounted 
by Abdulkareem et al. (2018), Adaji et al. (2015), Adewunmi et al. (2011), Ajala (2012) and Munanye & 
Ji (2017).  
The chapter reviewed the basic principles of IEQ with special reference to indoor environmental 
settings of learning environments in higher education institutions. It has also shown that most 
researchers have used survey-based and measurement-based methods in assessing IEQ in various 
building types. Furthermore, the main parameters the researchers normally measure include thermal 
environmental quality, its visual, acoustic and indoor air qualities. Under the thermal quality, the key 
physical variables considered in the measurement were air and radiant temperatures, relative 
humidity and air movement, while personal variables included the clothing insulation and metabolic 
rate. Visually, both the quantity and quality of the visual environment are measured, together with the 
quality of the external view. Level of background noise, space reverberation time, and signal-to-noise 
level as well as the percentage of speech intelligibility perceived, are also being measured and or 
derived acoustically. Carbon dioxide, carbon monoxide, radon, dust, particulate matter and many 
others are assessed under the air quality measurement of a space. 
This chapter also showed that properly designed naturally ventilated buildings keep indoor conditions 
within the range where opening windows and using fans in the summer, and wearing extra clothing in 
the winter, can keep people thermally comfortable. Similarly the adoption of passive design solutions 
is seen to enhance the performance of buildings in Kano region. Based on the review carried out in this 
chapter, the parameters related to the indoor environmental quality performance of buildings and 
their variables that are considered within the framework of this study are shown in Figure 3.1. The 
immediate succeeding chapter four discusses in details the various assessment methods (both physical 
measurements and surveys) of these parameters and their variables. 
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Chapter 4  
Methods of IEQ Parameters Assessment 
 
4.1 Introduction 
This chapter deals with the techniques and processes followed by this study in achieving the aim and 
objectives of the research. The aim and objectives were discussed in details in Chapter 1. The purpose 
of the chapter is to explain the process followed in selecting the learning environments used in the 
research with detailed information on their architectural features. It also discusses the research 
instruments utilised in the pursuit of the objectives of the research. Specifications of the instruments 
used in the research, how they were set up for logging purposes and the locations for spot 
measurements are explained. Floor plans of the learning environments containing positions of 
measurements and related internal and external photographs are provided. Equally, the chapter 
highlights the method employed in the surveys, as well as the rationale behind the choice of the 
questions adopted in the questionnaire. Both the physical measurements of the various IEQ 
parameters and the surveys were conducted in line with the guidance received from the literature. 
Prior to the commencement of the measurements and surveys, a formal request was put forward to 
the registrar of the university who granted approval in writing (see Appendix 1). The fieldwork began 
with pre-notification visits to the offices of the directors of academic planning and physical planning 
units of the university, who were also briefed about the research and the information required from 
them. Documents collected from them included a list of all academic buildings and their locations in 
the university and building plans/as-built drawings. Other information regarding the buildings’ age, 
design capacities, facilities renovation programme, as well as the departments using them were all 
obtained from the projects files and through interactions.  
The research data was collected in four sessions; the pilot study, first, second and third fieldworks. The 
sessions were planned to coincide with the varying “seasons” in the research area as per Table 4.1 
below: the  cool & dry (January, 2016) for the pilot study, warm & wet (August/September, 2016) for 
the first fieldwork, cool & dry (January/February, 2017) for the second fieldwork and hot & dry 
(April/May, 2017) for the third and final fieldwork.  
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Table 4.1 Survey dates, seasons and code names 
Survey Date Season Code name 
Pilot January 2016 Cool and dry Pilot 
First August /September 2016 Warm and wet Midseason 
Second January/February 2017 Cool and dry Winter 
Third April/May 2017 Hot and dry Summer 
 
 
4.2 Selection of the Learning Environments  
Bayero University, Kano (BUK) has many academic and non-academic buildings spread within its three 
campuses, it would amount to fruitless endeavours to attempt to physically measure them and to 
survey all the occupants in them, therefore the need for the selection/exclusion exercise arose. The 
locations of the campuses in Kano and the imageries of the three campuses were earlier shown in 
Chapter 2, Figure 2.20 shows the satellite image of Kano and the locations of the three campuses, while 
Figures 2.21a, b and c show the images of the New Campus, the Old Campus and the Teaching Hospital 
respectively. So a process had to be put in place to select those spaces to work upon. But before 
commencing the selection process, there was a need for some clearance. First, it was noted that BUK 
has three campuses, the registrar of the university solicited the selection of at least one building from 
each campus. Secondly, there was not enough fund for the research to acquire adequate measuring 
instruments, the instruments were just adequate for six buildings to be investigated. Furthermore the 
research had a time limit of only three years. Therefore expediently, it was decided that two learning 
environments were to be chosen from each of the three campuses.  
Having obtained the list of all the buildings housing the university’s learning environments from the 
academic planning unit, the list contained 41 buildings to choose from. Walkthrough assessment was 
followed by measurements in all the three campuses methodically. The staff of the physical planning 
unit assisted greatly in this regards. As-built drawings were used to extract details of buildings, subject 
to their availability, however this was followed by several site visits to obtain any missing data that 
could not be collected from the drawings. Similarly physical visits had to be conducted to those 
buildings without any drawing. External and internal photographs of the buildings were also obtained 
and used in the analyses. The buildings’ architectural design characteristics were determined through 
observations, physical measurements and desk work, the results are shown in Table 7.1. The table 
shows the location of the learning spaces surveyed, year of construction, their form/shape, capacity, 
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the type of shading devices they have, their orientations, their means of ventilation and calculated 
window-wall ratios.  
The selection process involved grouping the buildings by their architectural design features, with a 
view to aggregating them into unique groups. Architectural design variables are employed to solve 
technical issues, create certain effects and for aesthetic reasons. This however, depends upon the 
buildings’ function, location, client preference, cost, and the building regulations enforceable in its 
locality. Arising from this the buildings in the university have diverse architectural design 
characteristics. In summary the 41 listed buildings are characterized based on the followings: 
 
• thermal mass affects heating/cooling loads and acoustic qualities; 
• buildings orientation affects ventilation, solar heat gain/loss and daylight; 
• building geometry/compactness factor (CP) affects heating/cooling, daylight and acoustics 
qualities; 
• window-wall ratio (WWR) affects heating/cooling loads, daylight and quality of view;  
• U and G values of materials affect heating and cooling loads; 
• Fenestration factor affects building’s lighting distribution; 
• aperture openings, proportion, location, operability and size affect air movement and its 
quality, heating/cooling loads, daylight and quality of view and acoustics qualities; 
• glazing properties affect heating/cooling loads, daylight and quality of view; 
• properties of internal finishes – reflectance - affect daylight and acoustics qualities; 
• sun shading devices (SS) affect heating/cooling loads, air movement, daylight and quality of 
view; 
 
The 41 buildings were closely re-examined based on only four selected design variables; orientation, 
window-wall ratio (WWR), compactness factor (CP) and solar shading devices (SS). Zamorodian & 
Nasrollahi, (2013) and Langer et al., (2015) in characterizing their buildings, utilized these variables. 
These variables were chosen because they are the most occurring building attributes employed by the 
designers in the university. Those attributes that occur on all the buildings are excluded, such as the 
thermal mass, as the dominant building materials used on the university buildings are sandcrete blocks 
and concrete, therefore the buildings’ thermal mass are very similar. Similarly internal surfaces of the 
spaces are mostly finished with bright colours, so their reflectance might also be similar. Furthermore, 
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single glazing is mostly used as the transparent component of the windows. Details and relevance of 
the four chosen design variables are discussed in Chapter 3, however some highlights are provided as 
follows: 
 
4.2.1 Building Orientation 
Solar heat gain, excessive sunlight and glare can be minimized by an appropriate building orientation. 
In the northern hemisphere, a southern orientation is sometimes preferred so as to capture winter 
solar radiation, but during the summer ingenious shading is required in order to reduce unwanted solar 
gain while still capturing daylight. Orientation is also utilized in enhancing ventilation using the 
prevailing trade winds. The most occurring building orientations of the university’s building include the 
North/South which is closely followed by East/West orientation. In the selection process the 
orientation of the buildings was recorded in relation to the North direction. A building with an 
orientation of 0° has its long axis facing north that with 90° faces east and so on, refer to discussion on 
3.11.2.  
 
4.2.2 Window-Wall Ratio (WWR) 
Most windows on the university’s buildings are operable, this potentially has great impacts on the 
ventilation and air movement in the buildings (Dubois, 2001). The window-wall ratio (WWR) is the 
measure of the percentage area determined by dividing the building’s total glazed area by its external 
walls’ envelope area (IES, 1993). It is noteworthy therefore, that many of the buildings in the university 
are quadrilateral in shape with unequal sizes of lengths and breadths and most of the windows are 
more or less found on the longer facades. When measured, the WWRs exhibited by the learning spaces 
were found to range between 5% and 25%. Frequency distribution of percentage occurrences of 
WWRs of the buildings’ is shown in Figure 4.2 below. It can be seen from the figure that about 78% of 
the buildings have WWR of between 10% and 17%. For more discussions on this refer to 3.11.5. 
 
4.2.3 Compactness Factor (CP) 
This is the ratio of external surface area to volume (S/V) of a building, otherwise known as compactness 
factor, is an important index in determining heat loss and gain of a space. The greater the surface area 
of a building, the more the heat gain/loss through it (Pessenlehner & Mahdavi, 2003). Therefore, small 
S/V values imply low heat gain/loss, thus to minimize the losses and gains through a fabric of a building, 
a compact shape is desirable. Therefore in the hot and dry climates, such as that of Kano, S/V ratio 
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should be as low as possible in order to minimize heat gain (AlAnzi et al., 2009). As previously 
mentioned, the majority of the BUK learning environments are quadrilateral, with unequal sizes of 
lengths and breadths, their compactness factors are also shown in Table 7.1. Figure 4.3 below shows 
the compactness factor frequency distribution of the spaces. Refer to 3.11.4 for more details on the 
compactness factor. 
 
4.2.4 Solar Shading Devices (SS) 
Sun control is fundamental in preventing overheating and diffusing direct sunlight (Szokolay, 2004). 
Many architects and designers employ the use of variety of building elements as external sun shading 
devices on walls and openings. They serve as passive measures to control direct and diffused solar 
radiation and to enhance building’s aesthetics (Dubois, 2001). The most effective shading devices in 
hot and dry areas, are the horizontal overhangs on openings, but are further enhanced when combined 
with vertical side fins (Ramsey et al., 2014). The shading devices that control direct and diffused sun 
radiation from getting into the building and reduce the effect of glare on the working or vertical planes, 
are the concern of this study. The effectiveness of the shading devices was obtained by estimating the 
areas of shadows they cast on the buildings’ openings at 10:00, 13:00 and 16:00, divided by the areas 
of the openings and arrived at a percentage and then averaged for each building. Therefore, the 
percentages of the shades made upon the openings by the shading devices were used as the measure 
of their effectiveness. Figure 4.1 shows three facades of the same buildings indicating how the direct 
solar radiation was shaded away from the interior by the shading devices at different times of the day. 
For more details on this refer to 3.11.7. While Figure 4.4 shows the frequency distribution of the 
shading effectiveness of the learning environments. 
 
a= Shadow cast on Multipurpose laboratory’s eastern façade at 10:00 
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b = Shadow cast on Multipurpose laboratory’s eastern façade at 13:00 
 
c = Shadow cast on Multipurpose laboratory’s eastern façade at 16:00 
Figure 4.1 Estimating shadow cast by shading devices 
 
 
4.2.5 Selection Criteria 
After identifying, examining and processing the various architectural design characteristics of the 41 
buildings, they were coded based on each variable’s values attained. Orientations of the buildings were 
estimated in degrees in relation to the North direction. For example a building having its main façade 
facing north gets a 0°, those facing east will have 90°, south is 180° and west is -90° and so on. Window-
wall ratio, compactness factor and solar shading coverage were divided into three groups each (top 
five, middle five and bottom five).  
The five top, middle and bottom rated from each design variable were identified. These are shown in 
the frequency distributions in Figures 4.2 to 4.4.  
The summary below is from Table 7.1: 
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• Orientations of the buildings were estimated in degrees in relation to the North direction. 
• Window-wall ratios (WWR) from Figure 4.4: 0% – 11% = bottom, were coded WWb; 12% – 
16% = medium, were coded WWm and 17% – 25% = top, were coded WWt. 
• Compactness Factor (CP) from Figure 4.5: 0 – 0.25 = bottom, were coded CPb; 0.26 – 0.29 = 
medium, were coded CPm and 0.30 – 0.50 = top, were coded CPt . 
• Solar shading coverage (SS) from Figure 4.6; 0% – 49% = bottom, were coded SSb, 50% – 60% 
= medium, were coded SSm and 61% – 100% = top, and were coded top SSt. 
This alignment of the three window-wall ratios, three compactness factors and the three solar shading 
capabilities resulted in 27 categories as shown in Table 4.2. Of the 27 seven categories 8 contain no 
buildings, 10 categories contain a building each. Two categories contain 4 buildings each, three contain 
3 buildings each and four categories contain 2 buildings each. Six buildings could not be categorized 
because they contain no windows and are both artificially ventilated and lighted. (Spengler & Chen, 
2000). 
As mentioned earlier, due to time constraint and the paucity of funds only six spaces could be 
accommodated by the study, two buildings from each of the three campuses. None of the libraries 
made the 27 list, their architectural characteristics did not fall with within the ranges. Large spaces 
with capacities above 200 are mostly used for ceremonies and conferences and are used occasionally, 
including Musa Abdullahi auditorium, Attahiru Jega theatre, Ruqayyatu Rufa’i theatre, Mahmud Tukur 
theatre, A 46 theatre, Biochemistry theatre, Electrical Engineering theatre, Moot court, Yar’adua Hall, 
Physiotherapy gymnasium, are therefore left out. For ease of comparison, similar building types were 
preferred, therefore the following lecture theatres and laboratories were finally arrived at: 
• Theatre proposal: Dandatti theatre (NC), I H Umar theatre (OC), AKTH theatre (THC) and FEES 
theatre (NC); these are chosen because Dandatti and IH Umar theatres have the same design but 
at different campuses, so they offer an opportunity for comparison. FEES and AKTH theatres do 
have the same capacity and are on different campuses, they also offer the chance for comparison. 
• Laboratory proposal: Multipurpose laboratory (OC) and Faculty of dentistry Phantom laboratory 
(THC); these laboratories differ in a number of issues, capacity, campus location, orientation, 
compaction factor, so evaluating their environmental conditions might be interesting, thus their 
selection. 
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Figure 4.2 Frequency distribution of WWR of the Learning Space sub-divided in to three divisions 
 
Figure 4.3 Frequency distribution of Compactness Factor of the Learning Spaces sub-divided in to three divisions 
 
Figure 4.4 Frequency distribution of the amount of shade provided by the shading devices on the openings of the Learning 
Spaces sub-divided in to three division 
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Table 4.2 Learning Environments Categorized Under Four Design Variables 
S/No 
 
Learning 
Environments 
(campus 
location) 
Year 
Constru
cted 
(capacit
y) 
Means of 
Ventilation  
Façade 
Orientation 
(NS/EW) 
Window-
Walls Ratios  
Compactne
ss Factor  
Solar 
Shading 
Devices  
Coding System 
1 Musa 
Abdullahi 
Auditorium 
(NC) 
2002 
(1000) 
Operable 
Windows and 
Ceiling Fans 
North and 
South Facing 
Bilateral 
(10%) 
0.21 75% 345° WWRb CPb SSt 
2 Attahiru Jega  
Theatre A 
(NC) 
2010 
(650) 
Operable 
Windows and 
Ceiling Fans 
North and 
South Facing 
Bilateral 
(15%) 
0.28 80% 345° WWRm CPm SSt 
3 Electrical 
Engrg. 
Theatre (NC) 
2006 
(360) 
Operable 
Windows and 
Ceiling Fans 
North and 
South Facing 
Bilateral 
(21%) 
0.29 60% 345° WWRt CPm SSm 
4 NDIC 
Computer 
Laboratory 
(NC) 
2001 
(100) 
Mechanical 
Means 
North and 
South Facing 
Bilateral 
(23%) 
0.27 70% 315° WWRt CPm SSt 
5 Thermodyna
mics 
laboratory 
(NC) 
1985 
(40) 
Operable 
Windows and 
Ceiling Fans 
South Facing Unilateral 
(6%) 
0.25 65% 185° WWRb CPb SSt 
6 Ruqayyatu 
Rufa’i 
Theatre (NC)  
2012 
(350) 
Operable 
Windows and 
Ceiling Fans 
North and 
South Facing 
Bilateral 
(20%) 
0.30 58% 315° WWRt CPt SSm 
7 E-Class 
Lecture 
Room(NC)  
2009 
(130) 
Mechanical 
Means 
East and West 
Facing 
Bilateral 
(11%) 
0.32 40% 95° WWRb CPt SSb 
8 B 09 Lecture 
Theatre (NC) 
1985 
(120) 
Mechanical 
Means 
Enclosed 
Structure 
N/A 0.22 N/A N/A WWRb CPb N/A 
9 A 46 Lecture 
Theatre  (NC)  
1990 
(300) 
Operable 
Windows and 
Ceiling Fans 
North and 
South Facing 
Bilateral (8%) 0.22 100% 315° WWRb CPb SSt 
Chapter Four 
Page 93 of 356 
 
Table 4.2 Learning Environments Categorized Under Four Design Variables 
S/No 
 
Learning 
Environments 
(campus 
location) 
Year 
Constru
cted 
(capacit
y) 
Means of 
Ventilation  
Façade 
Orientation 
(NS/EW) 
Window-
Walls Ratios  
Compactne
ss Factor  
Solar 
Shading 
Devices  
Coding System 
10 A 21 Lecture 
Theatre (NC) 
1990 
(100) 
Operable 
Windows and 
Ceiling Fans 
North and 
South Facing 
Bilateral (7%) 0.20 75% 315° WWRb CPb SSt 
11 CIT Lecture 
Theatre (NC) 
2002 
(160) 
Operable 
Windows and 
Ceiling Fans 
North and 
South Facing 
Bilateral 
(16%) 
0.26 65% 345° WWRm CPm SSt 
12 W3-062 
Lecture Room 
(NC)  
2014 
(40) 
Operable 
Windows and 
Ceiling Fans 
North and 
South Facing 
Bilateral 
(10%) 
0.23 57% 315° WWRb CPb SSm 
13 FEES  Lecture 
Theatre A 
(NC) 
2015 
(120) 
Operable 
Windows and 
Ceiling Fans 
North, West 
and South  
Facing 
Multilateral 
(10%) 
0.25 28% 345° WWRm CPm SSb 
14 FEES Lecture 
Theatre C 
(NC) 
2015 
(120) 
Operable 
Windows and 
Ceiling Fans 
North, West 
and South 
Facing 
Bilateral 
(10%) 
0.25 28% 345° WWRm CPm SSb 
15 Faculty of 
Law Theatre 
(OC) 
2015 
(120) 
Operable 
Windows and 
Ceiling Fans 
East, South 
and West  
Bilateral 
(15%) 
0.32 35% 275° WWRm CPt SSb 
16 B2-21 Level V 
Lecture Room 
(OC) 
2006 
(48) 
Operable 
Windows and 
Ceiling Fans 
North and 
South Facing 
Bilateral 
(12%) 
0.26 52% 345° WWRm CPm SSm 
17  Yobe State 
Lecture 
Theatre A 
(NC) 
2010 
(150) 
Operable 
Windows and 
Ceiling Fans 
East and West 
Facing 
Bilateral 
(17%) 
0.26 35% 95° WWRt CPm SSb 
18 Anatomy PG 
Lecture Hall 
(OC) 
2013 
(70) 
Operable 
Windows and 
Ceiling Fans 
East and West 
Facing 
Bilateral 
(10%) 
0.25 60% 95° WWRb CPb SSm 
19 AR-45 
Biochemistry 
Lab 1 (OC) 
2013 
(70) 
Operable 
Windows and 
Ceiling Fans 
North and 
South Facing 
Bilateral 
(17%) 
0.39 65% 15° WWRt CPt SSt 
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Table 4.2 Learning Environments Categorized Under Four Design Variables 
S/No 
 
Learning 
Environments 
(campus 
location) 
Year 
Constru
cted 
(capacit
y) 
Means of 
Ventilation  
Façade 
Orientation 
(NS/EW) 
Window-
Walls Ratios  
Compactne
ss Factor  
Solar 
Shading 
Devices  
Coding System 
20 Biochemistry 
Theatre (OC) 
2013 
(250) 
Mechanical 
Means 
Enclosed 
Structure 
N/A 0.32 N/A N/A N/A CPt N/A 
21 Mahmud 
Tukur 
Theatre (OC) 
1970 
(350) 
Operable 
Windows and 
Ceiling Fans 
North and 
South Facing 
Bilateral 
(11%) 
0.33 65% 345° WWRb CPt SSt 
22 Faculty of  
Sciences Twin 
Theatre  (OC) 
2012 
(120) 
Operable 
Windows and 
Ceiling Fans 
East and West 
Facing 
Bilateral 
(16%) 
0.27 35% 95° WWRt CPm SSb 
23 Hematology 
Laboratory 
(OC) 
2012 
(65) 
Operable 
Windows and 
Ceiling Fans 
East and West 
Facing  
Bilateral 
(10%) 
0.28 52% 95° WWRb CPm SSm 
24 Main Hall of 
the NC 
Library (NC) 
2007 
(200) 
High  Level 
Windows and 
Fans 
East and South 
Facing 
Adjacent 
(15%) 
0.42 80% N/A WWRm CPt SSt 
25 Faculty of 
Law Library 
Hall-B  (OC) 
1958 
(60) 
Operable 
Windows and 
Ceiling Fans 
South and 
West Facing 
Adjacent 
(12%) 
0.33 85% N/A WWRm CPt SSt 
26 Multipurpose 
Laboratory 
(OC) 
2012 
(125) 
Operable 
Windows and 
Ceiling Fans 
North, East 
and South  
Multilateral 
(19%) 
0.23 72% 10° WWRt CPb SSm 
27 I H Umar 
Lecture 
Theatre (OC) 
1976 
(150) 
Operable 
Windows and 
Ceiling Fans 
North, East 
and South  
Multilateral 
(21%) 
0.28 32% 10° WWRt CPt SSm 
28 AC-50 Moot 
Court (OC) 
1976 
(150) 
Operable 
Windows and 
Ceiling Fans 
North and 
South Facing 
Bilateral 
(15%)  
0.24 50% 345° WWRm CPb SSm 
29 AZ-01 
Yar’adua 
Lecture Hall 
(OC) 
2009 
(250) 
Operable 
Windows and 
Ceiling Fans 
North and 
South Facing 
Bilateral 
(11%) 
0.30 40% 345° WWRb CPt SSb 
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Table 4.2 Learning Environments Categorized Under Four Design Variables 
S/No 
 
Learning 
Environments 
(campus 
location) 
Year 
Constru
cted 
(capacit
y) 
Means of 
Ventilation  
Façade 
Orientation 
(NS/EW) 
Window-
Walls Ratios  
Compactne
ss Factor  
Solar 
Shading 
Devices  
Coding System 
30 AD-14 LLB 2 
Lecture Room 
(OC) 
1976 
(100) 
Operable 
Windows and 
Ceiling Fans 
North and 
South Facing 
Bilateral 
(15%) 
0.24 45% 345° WWRm CPb SSb 
31 AM-9  M Sc. 
Physics 
Lecture Room 
(OC) 
1976 
(60) 
Operable 
Windows and 
Ceiling Fans 
North and 
South Facing 
Bilateral 
(15%) 
0.33 52% 345° WWRm CPt SSm 
32 DN-33 
Lecture Room 
(TH) 
2010 
(60) 
Operable 
Windows and 
Ceiling Fans 
East and West 
Facing 
Bilateral 
(14%) 
0.32 20% 95° WWRm CPt SSb 
33 AKTH Lecture 
Theatre (TH) 
2010 
(120) 
Operable 
Windows and 
Ceiling Fans 
North and 
South Facing 
Bilateral 
(27%) 
0.21 25% 355° WWRt CPt SSb 
34 DN-20 Dental 
Laboratory 
(TH) 
2010 
(30) 
Operable 
Windows and 
Ceiling Fans 
North and 
South Facing 
Bilateral 
(15%) 
0.40 28% 355° WWRm CPt SSb 
35 Nursing 
Sciences 
Laboratory 
(TH) 
2014 
(50) 
Operable 
Windows and 
Ceiling Fans 
North and 
South Facing 
Bilateral 
(14%) 
0.28 45% 355° WWRt CPm SSb 
36 Physiotherap
y Gymnasium 
(TH) 
2014 
(20) 
Operable 
Windows and 
Ceiling Fans 
East and West 
Facing 
Bilateral 
(14%) 
0.26 45% 95° WWRm CPm SSb 
37 Multipurpose 
Medical 
Lab.(OC) 
2014 
(50) 
Operable 
Windows and 
Ceiling Fans 
North and 
South Facing 
Bilateral 
(14%) 
0.26 45% 345° WWRm CPm SSb 
38 Radiology 
Laboratory 
(TH) 
2014 
(10) 
Mechanical 
Means 
Windowless 
Structure 
None 0.26 N/A N/A N/A CPm N/A 
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Table 4.2 Learning Environments Categorized Under Four Design Variables 
S/No 
 
Learning 
Environments 
(campus 
location) 
Year 
Constru
cted 
(capacit
y) 
Means of 
Ventilation  
Façade 
Orientation 
(NS/EW) 
Window-
Walls Ratios  
Compactne
ss Factor  
Solar 
Shading 
Devices  
Coding System 
39 Dandatti 
Abdulkadir 
Theatre-A 
(NC) 
1998 
(150) 
Operable 
Windows and 
Ceiling Fans 
East, North 
and West  
Multilateral 
(21%) 
0.21 38% 45° WWRt CPt SSm 
40 Faculty of 
Law Library 
Hall-A (OC) 
1962 
(120) 
Operable 
Windows and 
Ceiling Fans 
East and South 
Facing 
Adjacent 
(12%) 
0.33 85% N/A WWRm CPt SSt 
41 Dentistry 
Phantom Lab. 
(TH) 
2010 
(40) 
Operable 
Windows and 
Ceiling Fans 
East and West 
Facing 
Bilateral 
(16%) 
0.39 56% 95° WWRb CPt SSm 
Notification 
• NS = has north/south orientation,                E/W = has east/west orientation                              N/A = not applicable 
• WWt = its window-wall ratio is rated top    WWm = its window-wall ratio is rated medium      WWb = its window-wall ratio is rated low       
• CPt = its compactness factor is rated top     CPm = its compactness factor is rated top                CPb = its compactness factor is rated low    
• SSt = shading devices are rated top               SSm = shading devices are rated medium                 SSb = shading devices are rated low 
• NC = New Campus                                             OC = Old Campus                                                          TH = Teaching Hospital 
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Table 4.3 Learning Environments Classed Based On Design Characteristics (27 Categories) 
WWRt/CPt/SSt 
AR-45 
Biochemistry Lab 1 
WWRm/CPt/SSb 
Faculty of Law 
Lec. Theatre; 
DN-33 Lecture 
Room;  
DN-20 Dental Lab.                                         
WWRm/CPt/SSt WWRb/CPt/SSt 
Mahmud Tukur 
Lecture 
Theatre 
WWRt/CPm/SSt  
NDIC 
Computer 
Laboratory 
WWRt/CPb/SSt  
 
WWRt/CPt/SSm 
I H Umar 
Lecture 
Theatre;  
Dandatti 
Theatre;  
Ruqayyatu 
Rufa’i Theatre 
WWRt/CPb/SSm 
 
Multipurpose 
Laboratory 
WWRt/CPt/SSb  
AKTH Lecture 
Theatre;  
 
WWRm/CPm/SSm 
B2-21 Level V 
Lecture Room 
WWRb/CPm/SSt  
 
WWRb/CPb/SSm 
W3-062 
Lecture Room; 
Anatomy PG 
Lecture Hall 
WWRb/CPm/SSm 
Hematology 
Laboratory 
WWRm/CPb/SSb 
AD-14 LLB 2 
Lecture Room 
WWRm/CPb/SSm 
AC-50 Moot 
Court; 
 
WWRb/CPm/SSb  
 
 
WWRm/CPb/SSt WWRm/CPm/SSb 
FEES  Lecture 
Theatres  A and C; 
Multi-purpose 
Medical Lab.;  
Physiotherapy 
Gymnasium 
WWRb/CPb/SSt 
A 46 Lecture 
Theatre; 
A 21 Lecture 
Theatre;             
Musa Abdullahi 
Auditorium; 
Thermodynamics 
laboratory 
WWRt/CPm/SSb  
Yobe Lecture 
Theatre A; 
Fac. Of Sciences 
Twin Theatre; 
Nursing Sciences 
Laboratory;  
                                       
WWRm/CPm/SSt 
CIT Lecture 
Theatre;          
Attahiru Jega 
Lecture 
Theatre; 
WWRt/CPb/SSb WWRt/CPm/SSm 
Electrical 
Engineering 
Lecture 
Theatre 
WWRb/CPt/SSb 
AZ-01 Yar’adua 
Lecture Hall;  
E-Class Lecture 
Room 
WWRm/CPt/SSm 
AM-9  M Sc. 
Physics Lecture 
Room 
WWRb/CPt/SSm 
 
Dentistry 
Phantom Lab. 
(TH) 
WWRb/CPb/SSb 
Notification 
• NS = has north/south orientation,                E/W = has east/west orientation                              N/A = not applicable 
• WWt = its window-wall ratio is rated top    WWm = its window-wall ratio is rated medium      WWb = its window-wall ratio is rated low       
• CPt = its compactness factor is rated top     CPm = its compactness factor is rated top                CPb = its compactness factor is rated low    
• SSt = shading devices are rated top               SSm = shading devices are rated medium                 SSb = shading devices are rated low 
• NC = New Campus                                             OC = Old Campus                                                          TH = Teaching Hospital 
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4.3 The Selected Learning Environments 
Following the detailed selection of the six learning environments, their floor plans are produced to 
indicate measurement positions, furthermore internal and external photographs are shown for further 
clarification. It is also noteworthy to recall that two learning environments were selected from each of 
the three campuses of the university, comprising of four lecture theatres and two laboratories and 
additional details are further provided.  
4.3.1 AKTH Lecture Theatre 
This lecture theatre is one of the two lecture theatres that formed a lecture complex at the Teaching 
Hospital Campus of the university. The facility was built and occupied in 2014, the particular theatre in 
question has a seating capacity of 120 students. Lectures are scheduled in the facility from 8.00 am to 
5.00 pm, Monday through Friday with occasional Saturday activities. Faculties of Clinical Sciences and 
Allied Health Sciences use the facility. The theatre has a floor area of 381 m2, a volume of 1,829 m3 and 
compactness factor of 0.21. It is a naturally ventilated space with occasional cooling from air-
conditioning if electrical power permits. Its windows are bilaterally placed on two opposing walls which 
face North and South, with a combined window-wall ratio of 27%. The theatre has no external shading 
device however, an average of 25% shade is provided by the building’s roof gutter slab and protruding 
side walls. Figure 4.5 shows the location of the theatre on the campus. While Figure 4.6 shows the 
theatre’s floor plan with measurements locations, internal and external photographs are also shown 
in the same figure. 
 
Figure 4.5 AKTH lecture theatre in Teaching Hospital campus 
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Figure 4.6 AKTH Lecture theatre 
 
 
4.3.2 Dandatti Abdulkadir Lecture Theatre  
Dandatti lecture theatre is one of the twin lecture theatres that forms the Dandatti Abdulkadir lecture 
complex at the New Campus of the university. The facility was built in the early 1990s and this 
particular theatre has a seating capacity of 150 students when full. Lectures are scheduled in the facility 
from 8.00 am to 6.00 pm, Monday through Friday with occasional Saturday activities. Faculties of 
Engineering, Computer and Information Technology and Arts and Islamic Studies use the facility. The 
theatre has a floor area of 394 m2, a volume of 1,830 m3 and a compactness factor of 0.21. It is a 
naturally ventilated space with occasional cooling from air-conditioning if electrical power permits. Its 
windows are multilaterally placed on three walls which face East, North and West, with a combined 
window-wall ratio of 21%. The theatre has an average shading device of 38% shade is provided by the 
building’s roof gutter slab, column piers and concrete fins. Figure 4.7 shows the location of the theatre 
in the campus. While Figure 4.8 shows the theatre’s floor plan with measurements locations, internal 
and external photographs are also shown in the same figure.  
 
Chapter Four 
Page 100 of 356 
 
 
Figure  4.7 Dandatti Abdulkadir lecture theatre at the New campus 
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Spot measurement locations: (T= temp., L= light and S= sound; O = location of loggers) 
Figure 4.8 Dandatti Abdulkadir theatre 
 
4.3.3 FEES Lecture Theatre 
FEES stands for Faculty of Earth and Environmental Sciences, a new faculty established in late 
2013 at the New Campus. The constructions works of its facilities commenced early in 2013 
before the formal creation of the faculty. Several buildings were put up including a twin 
theatre complex that contains two 120 capacity lecture theatres (one of which is the FEES 
theatre) and a two storey block of 30 staff offices. The theatre has a floor area of 263 m2, a 
volume of 1,368 m3 and a compactness factor of 0.25. It is also a naturally ventilated space 
with occasional cooling from air-conditioning if electrical power permits. Its windows are 
multilaterally placed on three walls which face South, North and West, with a combined 
window-wall ratio of only 10%. The theatre has an average shading device of 28% shade is 
provided by concrete fins built around the windows. Figure 4.9 shows the location of the 
theatre in the campus. While Figure 4.10 shows the theatre’s floor plan with measurements 
locations, internal and external photographs are also shown in the same figure. 
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Figure 4.9 FEES lecture theatre at the New campus 
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Figure 4.10 FEES lecture theatre at the New campus 
 
 
4.3.4 I H Umar Lecture Theatre  
The lecture theatre is one of the twin lecture theatres that formed the I H Umar lecture complex at the 
Old Campus of the university. The facility was built in 1980, and this theatre has a seating capacity of 
150 students at a time. Lectures are scheduled in the facility from 8.00 am to 5.00 pm Monday through 
Friday with occasional Saturday activities. Faculties of Sciences and Biomedical Sciences use the facility. 
The theatre has a floor area of 212 m2, a volume of 827 m3 and a compactness ratio of 0.28. Its windows 
are multilaterally placed on three walls which face East, North and South, with a combined window-
wall ratio of 21%. The theatre has an average shading device of 32% shade is provided by the building’s 
roof gutter slab and column piers and fins. Figure 4.11 shows the location of the theatre in the campus. 
While Figure 4.12 shows the theatre’s floor plan with measurements locations, internal and external 
photographs are also shown in the same figure. 
Figure 4.11 I H Umar lecture theatre at the Old campus 
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Spot measurement locations: (T= temp., L= light and S= sound; O = location of loggers) 
Figure 4.12 I H Umar lecture theatre 
 
4.3.5 Multipurpose Laboratory  
Built in 2013 and located on the Old Campus of the university, the facility houses two general purpose-
built laboratories for the lower level students of the Faculty of Sciences. This laboratory has a capacity 
of 125 students. Laboratory sessions are scheduled in the facility from 8.00 am to 5.00 pm Monday 
through Friday with occasional Saturday activities. A session can take from one up to three hours. The 
laboratory has a floor area of 310 m2, a volume of 1,014 m3 and a compactness ratio of 0.23. Its 
windows are multilaterally placed on three walls which face East, North and South, with a combined 
window-wall ratio of 19%. The laboratory significantly shaded with an average of 72% shading provided 
by the building’s roof gutter slab, column piers and concrete fins. Figure 4.13 shows the location of the 
laboratory in the campus. While Figure 4.14 shows its floor plan with measurements locations, internal 
and external photographs are also shown in the same figure. 
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Figure 4.13 Multipurpose laboratory at the Old campus 
 
 
  
   
 
  
Figure 4.14 Multipurpose laboratory 
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4.3.6 Phantom Laboratory 
The Phantom laboratory is situated in the Faculty of Dentistry complex which is located at the Teaching 
Hospital campus of the university. It was built in 2010, and comprises of lecture rooms, laboratories, 
offices, a lecture theatre, a restaurant and conveniences. The Phantom laboratory seats 40 students 
at a session, it has a floor area of 130 m2, a volume of 452 m3 and a compactness ratio of 0.39. Its 
windows are bilaterally placed on two walls which face East and West, with a combined window-wall 
ratio of 16%. The laboratory is well shaded on the western side by a veranda but without significant 
shading on the east, an average of 56% shade is provided. Figure 4.15 shows the location of the 
laboratory in the campus. While Figure 4.16 shows its floor plan with measurements locations, internal 
and external photographs are also shown in the same figure. 
 
 
Figure 4.15 Phantom laboratory at the Teaching Hospital campus 
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4.4 Data Types 
In order to undertake this research information (data) was sought, understanding their characteristics 
and how they are measured and analysed help greatly in unravelling research challenges. Data is 
described as transitory and elusive, because it depends on personality, time and place. What might be 
true at a given time at a particular place as observed by a certain personality may be the opposite at 
different time (Blaxter et al., 2010).  
Data that can be reduced into numbers, for example temperature, area, volume etc. are called 
quantitative data and those that are difficult to be depicted in numbers but described in words, for 
example people’s perceptions and feelings of comfort are known as qualitative data (Punch, 2005). 
The later can also be converted into numbers when answers to questions are provided as options in 
questionnaires, only then can they be treated as quantitative data. 
Spot measurement locations: (T= temp., L= light and S= sound; O = location of loggers) 
Figure 4.16 Phantom laboratory 
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Data also come in two forms, first information that is collected, observed, experienced or recorded as 
close enough to an event as possible is regarded as primary data. Four types of primary data exist and 
are categorized by the way they are collected. They include measurements, observation, interrogation 
and participation. Measurements (through experimentation, fieldwork or questionnaire) are a 
collection of numbers, for example CO2 concentration levels etc. Observation involves experiencing 
events by the researcher himself, which may involve the use of instruments like camera, video recorder 
etc. Secondly, those interpreted or recorded primary data are called secondary data. Secondary data 
can be in the form of books, refereed journals, magazines, newspapers, news bulletin, documentaries, 
advertising, and television and radio programs (Trochim & Donnely, 2006; Walliman, 2011). 
Furthermore, the nature of the data dictates the way it is collected and analyzed, that is depending 
upon whether it is nominal, ordinal, interval/ratio (continuous). Nominal data denotes classification of 
data into discrete types such as; gender (male/female), or classification of buildings into a classroom, 
laboratory, library etc., this can easily be used to sort, exclude and compare the data. Ordinal data are 
ranked according to the properties they share; height, weight, etc., where the actual magnitude of 
differences between positions is not known. Interval data are measured on an equally spaced scale but 
have no true zero value. An example of this is the temperature scales in degree Celsius. Ratio data on 
the other hand, are measured on equally spaced and continuous scales and have true zero and 
negative values, they can be expressed in terms of multiples or fractional parts, and the ratios are true 
ratios, for example, a meter equals to 100 centimetres (Walliman, 2011).  
This study measured various physical parameters as well as the comfort perceptions of the students, 
teachers and support staff in the learning environments. The parameters were found to fall within the 
realms of a number of the data types mentioned above. They are both quantitative and primary in 
nature, in the sense that direct measurements were involved and were quantified in numbers. This is 
in the sense that both air and mean radiant temperature values fell under the interval (continuous) 
measures. Gender of the students, their seating locations, building types, where the data were 
collected, are categorical (nominal) in nature. Room heights, volumes, and areas are ratio (continuous) 
scales. These are depicted in Table 4.4 below.  
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Table 4.4 Data types encountered by the research 
Physical 
parameters 
Measured & derived 
data 
Data type Data 
classification 
Applicable statistical 
test used 
 
 
Thermal comfort 
Air temperature Primary & quantitative Continuous  
 
 
 
 
 
Parametric tests = (t-
tests, Anova, Pearson 
and linear regression) 
Radiant temperature Primary & quantitative Continuous 
Air velocity Primary & quantitative Continuous 
Relative humidity Primary & quantitative Continuous 
Visual quality illumination Primary & quantitative Continuous 
 Uniformity Secondary & quantitative Continuous 
Acoustic comfort Background noise Primary & quantitative Continuous 
 Reverberation time Secondary & quantitative Continuous 
Indoor air quality CO2 concentration Primary & quantitative Continuous 
Particulate matter Primary & quantitative Continuous 
 
 
 
 
 
 
 
Data from survey 
7-point scale Primary & quantitative Continuous Parametric tests = (t-
tests, Anova, Pearson 
and linear regression ) Satisfaction Primary & quantitative Continuous 
Yes/No Primary & quantitative Nominal  
Non parametric tests 
(Kruskal-Wallis and Chi – 
square tests) 
Gender (male/female) Primary & quantitative Nominal 
Status (staff/student) Primary & quantitative Nominal 
Building type Primary & quantitative Nominal 
Sitting location Primary & quantitative Nominal 
Area/volume Primary & quantitative Ratio scale Parametric tests = (t-
tests, Anova, Pearson  
and linear regression) 
 
4.5 Data Collection 
Two types of data collection instruments were used in the study; physical measurement and survey. 
The physical measurements involved the use of spot and logged sensors. Logging instruments measure 
a given parameter over a desired period of time and store the results for use in the future, while spot 
measuring instruments measure the parameters and display the results instantly on screens or other 
media. The logged instruments used by this study had to be placed away from the students’ reach (in 
some places up to 3.5m above the floor), this was done to guard against tempering and possible 
pilferage. This therefore compromised the requirements of setting the instruments up in specific 
locations. As mentioned earlier, assessing IEQ of a given space involves the measurement of the 
thermal characteristics, its visual and acoustic qualities as well as the quality of its indoor air and 
evaluation against the building user survey data (Olesen, 2004; X. Ye et al., 2010). Therefore the 
learning environments were evaluated as such. 
In order to determine the level of environmental comfort in the chosen university learning 
environments, the combined actions of both physical measurements and surveys were employed. This 
is due to the fact that assessments when conducted physically define the objective phenomena only, 
while survey deals with occupants’ perceptions. (Peretti & Schiavon, 2011). Under thermal comfort 
four physical parameters were measured; internal air and radiant temperatures, relative humidity and 
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air velocity. Visual comfort was represented by the level and uniformity of illumination, while glare 
perception and quality of view were qualitatively evaluated. Background noise and sound pressure 
levels stood for acoustic quality and CO2 concentration and particulate matter represented the 
qualities of the indoor air. The results from these measurements together with occupants’ survey data 
were reported and compared to relevant international comfort standards in Chapter 7, but their 
measuring processes are detailed below. 
 
4.6 Physical Measurements 
Following the methods adopted (Dorizas et al., 2015; Heizerling et al., 2013; Sarbu & Sebarchievici, 
2013), spot and logged values of the physical parameters were obtained using their respective meters. 
Due to the safety of the instruments and lack of reliable electrical power supply, as much as possible, 
non-sophisticated, long battery life instruments were preferred and used in the work. Other 
considerations made in the choice of the instruments in complying with the standards’ guidelines 
included, the range of the environmental values, logging interval and due to budgetary constraints the 
instruments costs. Values of some of the parameters; air temperature, relative humidity and 
illumination, were obtained multiple of times using different instruments in order to validate their 
reliability.  
The spot measurements involving the air temperature, relative humidity, air velocity, background 
noise and CO2 concentrations were measured in five locations in relation to the teachers’ stand as 
follows; front-left (FL), front-right (FR), middle-middle (MM), rear-left (RL) and rear-right (RR). While 
illumination levels were measured in nine locations in the spaces: front-left (FL), front-middle (FM), 
front-right (FR), middle-left (ML), middle-middle (MM), middle-right (MR), rear-left (RL), rear-middle 
(RM) and rear-right (RR). Similarly, the spot measuring sessions were conducted approximately 
between 9.00 am to 5.00 pm on working days, and during the occupied and unoccupied ambient 
situations. The occupied measurements coincided with the survey times. Each parameter with its 
corresponding measuring instruments has specific assessment processes and protocols as 
documented in standards and applied in similar previous IEQ studies (Dorizas et al., 2015; Heizerling 
et al., 2013; Sarbu & Sebarchievici, 2013). Figure 4.17 shows the instruments used in measuring the 
parameters and their set up positions. Details of each measuring process used are outlined under the 
respective parameters below.  
Chapter Four 
Page 111 of 356 
 
 
a = Photographs of the measuring instruments 
 
 
b = Instruments set up in Multi Purpose Lab. 
 
c = Instruments set up in Dandatti 
Figure 4.17 Photographs of the setting up of measuring instruments 
 
4.6.1 Measuring Thermal Comfort Parameters  
This section deals with the physical measurements in respect of both spot and logged data. Logging 
instruments were set up in each space, and at the time of each survey the logged data were uploaded 
into a computer for further analysis. While the spot measuring instruments were hand held and moved 
from one location to another to capture spatially the appropriate parameter values. The physically 
measured thermal comfort parameters include air and radiant temperatures, air velocity and relative 
humidity: 
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• The air temperature (Tar) decides the heat loss from the body by convection and through 
radiation (McMullan, 2017).  
• The mean radiant temperature (Tmr) describes the radiant heat exchanges between the room 
surfaces and an occupant.  
• Relative humidity (RH) is the ratio of amount of water vapour in the air against the saturated 
one. 
• Air velocity (Va) indicates the air movement within the indoor environment.  
 
4.6.1.1 Air Temperature (Tar) and Relative Humidity (RH) 
Three different instruments were used to measure air temperature (Tar) and relative humidity (RH). 
Hobo U12-012 data loggers were used to log both Tar and RH, they also logged illumination levels. The 
logger has a precision of ± 0.35 °C and ± 2.5% and a resolution of 0.03 °C and 0.03% for temperature 
and relative humidity respectively. Other instruments, the Hobo MX1102 CO2/Temp/RH and Trotec 
BZ30, though primarily CO2 concentration data loggers, were used to measure the Tar and RH for both 
spot and logged measurements. The Hobo U12-012 data logger has a capacity of storing 43,000 data 
sets, it was set up to log at a 30-minute interval, this way it logged for 10 months as it dealt with three 
parameters.  
During the spot measurements five locations were measured in each space, and at every position three 
levels were measured; at the ankle, waist and the head levels of a seated person and their numerical 
average determined, as recommended by ASHRAE Standard-55. These positions corresponded to 
0.1m, 0.6m and 1.1m high in lecture theatres, and in the laboratories the positions corresponded to 
0.1m, 1.1m and 1.5m high for ankle, waist and when standing respectively. The instruments were 
simple to use, all that was required was to put them on and wait for some five to ten seconds for the 
reading to show on the screen before recording. 
 
4.6.1.2 Radiant Temperature 
This study improvised globe thermometers for assessing the combined effects of radiation, air 
temperature and air velocity on human comfort known as the mean radiant temperature (Tmr) in the 
learning environments. A Hobo pendant air temperature logger was placed inside a 150mm diameter 
globe, as recommended by Vernon (1932), and set one each in the learning environments to log the 
radiant temperature (ISO (1989), 1989; Kazkaz & M., 2013). The Hobo pendant has a capacity of storing 
52,000 data sets and was set up at an interval of 10 minutes, this way it could log for six months. 
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Similarly the globe was painted in matte black, this was in line with ISO 7726 (2001) recommendation 
of darkening the globe either by means of an electro-chemical coating or, more generally, by means of 
a layer of matte black paint. 
 
4.6.1.3 Air Velocity Instrument 
A Testo 435-2 meter with comfort probe was used to spot measure the air velocity in the 
spaces. It is a multi-functional measuring instrument for ambient air situations, for assessing 
indoor air quality, volume flow and average function calculation. Its temperature measuring 
range is -40 °C to + 150 °C, with relative humidity range of 0 % to 100 %, while the range of the 
hot-wire is 0 m/s to 20 m/s. For ease of reference, the specifications of the thermal comfort 
instruments and their photographs are shown in Table 4.5 and Figure 4.18 respectively. 
Table 4.5 Thermal comfort parameters’ measuring instruments 
Air 
Temperature 
HOBO Data logger U12-012: 
Temp/Light/RH 
Logs up to 43,000 data sets; Temp range: -20-70 °C; RH range: 5-
95%; Battery life: 1 year; Memory: 64k. Set up at 30-minute interval 
and logged for 10 months. 
UA-002-64 Temperature/Light 
Pendant Data Logger 64k 
Two-channel temperature and light level logger, 52,000 data sets of 
10-bit temp. Readings. Set at 10 minutes, logged for six months. 
BZ30 Temp/RH/CO2 meter 
(logging and spot measures) 
Air quality logger; Measuring range: 0 to 9,999 ppm; Temp range: -5 
to +50 °C; Measuring values: 50,000 data sets. Set up at 30 minutes 
and lasted 12 months. 
HOBO MIX 1102  Temp/RH/CO2 
(logging and spot measures) 
HOBO MX1102: Bluetooth, Carbon Dioxide - Temp - RH Data Logger, 
84,000 data sets with 18 months battery life at 30-minute for the 
three aspects,  USB port. 
Relative 
Humidity 
BZ30 Temp/RH/CO2 meter 
(logging and spot measures) 
Air quality logger; Measuring range: 0 to 9,999 ppm; Temp range: -5 
to +50 °C; Measuring values: 50,000 data sets. Set up at 30 minutes 
and lasted 12 months. 
HOBO MIX 1102 Temp/RH/CO2 
(logging and spot measures) 
HOBO MX1102: Bluetooth, Carbon Dioxide - Temp - RH Data Logger, 
84,000 data sets with 20 months battery life at 30-minute for the 
three aspects, USB port.  
Air Velocity Testo 435-2 with comfort probe 
(spot measurements only) 
Measuring range: 0.2-20m/s; Temp range: 0-50 °C; Battery life: 
9hours - 4(1.5V) 
Radiant 
Temperature 
HOBO Pendant UA-001-64 
Temp/light (inside 150mm matt 
black globe) 
Two-channel temperature and light level logger, 52,000 data sets of 
10-bit temp. Readings. Set at 10 minutes, logged for six months. 
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Figure 4.18 Photographs of Thermal Comfort Parameters’ Measuring Instruments 
 
 
4.6.2 Measuring Visual Comfort Parameters  
The physical parameter measured under the visual comfort in the learning environments was the 
lighting quantity (illuminance level). Other parameters (glare perception and quality of view) were 
assessed through surveys. Two types of instruments were used to measure the illumination levels in 
the spaces, one for logging and the other spot. The Hobo U12-012 and Hobo UA-002-64 meters 
mentioned above logged the lux and temperature values, in addition the U12-012 was used in 
measuring relative humidity also. They were used to log internal and externally shaded lux values 
respectively for the 10 months period of the study. The Hobo U12-012 has a capacity of storing 43,000 
data sets, it was set up to log at a 30-minute interval, this way it logged for 10 months as it dealt with 
three parameters. The Hobo UA-002-64 has 52,000 data storage capacity and was also set up to log at 
a 30-minute interval, this way it could log for 18 months because it dealt with two parameters only. 
Konica Minolta Illuminance meter T-10MA was used for the spot measurements of the lighting quantity 
(illuminance) of the learning environments. The spot measures were conducted in nine positions in the 
learning environments as pointed out in Section 4.6. In this way, most critical positions were taken into 
consideration and the values obtained were averaged to arrive at representative mean illumination 
values of each space. Horizontal illumination levels received in task areas including student’s desk top 
in a lecture room or the laboratory bench were measured at a height of 0.75m above the floor. 
 
Testo 435-2 Air quality 
meter 
 
 
Testo- comfort level probe 
 
 
 HOBO UA-002-64 Temp 
 
 
 
HOBO BASE-U-1 Optic Base 
Station 
 
 
Trotec BZ30 
CO2/Temp/RH Logger 
 
HOBO U12-012 
Temp/RH/Light 
  
 
HOBO MX1102 CO2/Temp/RH 
 
Globe Radiant Temperature 
 
Chapter Four 
Page 115 of 356 
 
Similarly, white/blackboard areas (vertical illumination) were covered. The spot measurements were 
conducted in two ambient situations; when electric light was on and when it was off, and where a 
space had internal blinds, they were opened. Table 4.6 and Figure 4.19 show the detailed specifications 
and photographs of the measuring instruments respectively. 
 
Table 4.6 Illumination Measuring Instruments 
 
 
 
 
Illumination 
HOBO Data logger U12-012: 
Temp/RH/Light  
Logs up to 43,000 data sets; Temp range: -20-70 °C; RH 
range: 5-95%; Battery life: 1 year; Memory: 64k. Set up at 
30-minute interval and logged for 10 months. 
Hobo UA-002-64 
Temperature/Light data 
logger 64k 
Two-channel temperature and light level logger, 52,000 
data sets of 10-bit temp. Readings. Set at 10 minutes, 
logged for six months. 
Konica Minolta Illuminance 
meter T-10MA (spot 
measurements only). 
Measuring range varies from 0.01 to 299,900 lux; 
Operating temperature -10 to 40°C. 
 
 
 
Figure 4.19 Photographs of Illumination Measuring Instruments 
 
 
4.6.3   Measuring Acoustic Quality Parameters 
Good acoustics are indispensable requirement for verbal communication and therefore vital to all 
knowledge-based societies (ANC, 2011). The background noise levels were measured when the 
learning spaces were both vacant and when normal academic activities were taken place and were 
spot measured at five listeners’ positions as pointed out in Section 4.6 above. The logarithmic mean 
background noise levels of the five values were then obtained, which defined each space in question. 
The lecturer/instructor’s speech levels were measured with an Optimus Red sound meter, and their 
means were used together with the obtained mean background noise levels to arrive at the signal-to-
noise levels of the six learning environments. For reverberation time, burst balloons were used as 
sound sources and the decaying sound was measured using the Optimus Red sound meter. Table 4.7 
 
HOBO U12-012 Temp/RH/ Light 
 
 
HOBO UA-002-64 Temp  Konica Minolta Illuminance meter T-10MA 
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and Figure 4.20 show the detailed specifications and photographs of the instruments respectively. The 
study evaluated the following three acoustic phenomena in the learning environments; 
 
• Background noise: is the cumulative ambient noise levels from within the space and from 
outdoors. It was measured using Extech HD600 Sound level meter at five locations in each 
space. At every location the instrument was put on and an allowance for 30 seconds elapsed 
before the reading was recorded. 
• The sound pressure level is the strength of a teacher’s voice as perceived at different locations 
in a given space. This was measured using the Optimus Red sound meter but at only three 
locations: one meter away from the speaker, in the middle (MM) and at the rear (RM). 
• The signal-to-noise level is a derived value obtained by logarithmically subtracting background 
noise level from the lecturer’s sound pressure level and was not as a result of direct 
measurement but was a derived value.  
• Reverberation time (RT): is the time in seconds it takes for a propagated sound to decay by 60 
dB after an interruption. Three inflated balloons were burst at the teacher’s location in each 
space, for each burst balloon, the Optimus Red recorded the decay and moved from the front 
to the middle and then to the rear. 
 
Table 4.7 Sound Pressure Level Measuring Instruments 
 
 
 
 
Sound 
 
 
 
Sound pressure 
level 
Extech HD600 Sound 
level meter (spot 
measurements only) 
Measuring range: 30 dB-130 dB; 1.4dB accuracy; 
Battery: One 9V; Meter class: Type 2. 
Optimus Red Sound 
Level Meters 
(reverberation time 
measurement) 
Measures fast, slow and impulse time weightings. Up 
to 32GB memory; Class 2 to IEC 61672-1:2013 & IEC 
61672-1:2002. Measures up to 140 dB(A), 143 dB(C) 
and dB(Z) frequency weightings including 1:1 octave 
band filters in 10 different frequency bands. 
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Figure 4.20 Photograph of Sound Pressure Measuring Instruments and process 
  
 
4.6.4   Measuring Indoor Air Quality (IAQ)  
The IAQ parameters in the learning environments were both logged and spot measured. Two 
parameters in respect of the IAQ in the learning environments, CO2 concentration and particulate 
matter (PM) were measured: 
• CO2 concentration; is a colourless gaseous element, at high concentration level, (say 1500 
ppm) is harmful to the human health.  
• Particulate matter (PM); are produced from a wide variety of sources — natural and human-
caused, large and small.  
 
The Hobo MX1102 CO2/Temp/RH and Trotec BZ30 loggers were used to spot measure and log CO2 
concentrations in addition to RH and Temperature. These two CO2 logging instruments were used in 
different spaces and for all the sessions. After the initial spot measurements they were left in the 
spaces for logging. Due to the length of the research period and that it measured three parameters, 
the Hobo MX1102 was set up at a 30-minute interval, it has a storing capacity of 84,000 data sets, 
could therefore log for 18 months at this rate. Similarly the Trotec BZ30, which also measured three 
parameters, was set up at a 30-minute interval and could log for 12 months on continuous electrical 
power. PCE-DT 9880 Dust/particles meter was used to spot measure particulate matter in the learning 
environments. The CO2 loggers were placed and protected at heights enough to enable them to 
measure the occupants’ bio-effluent emissions and other parameters as well as to guard against 
 
 
A = Extech HD600  
B = Optimus 
Red 
 
C = Preparing for balloon burst to measure sound decay 
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tempering and pilferage. Table 4.8 and Figure 4.21 show the detailed specifications and photographs 
of the instruments respectively. 
 
Table 4.8 IAQ Parameters and Instruments 
CO2 Concentration HOBO MIX 1102  
Temp/RH/CO2 
HOBO MX1102: Bluetooth, Carbon Dioxide - Temp - RH 
Data Logger, 84,000 data sets with 20 months battery life at 
30-minute for the three aspects, USB port. 
BZ30 Temp/RH/CO2 
meter 
Air quality logger; Measuring range: 0 to 9,999 ppm; Temp 
range: -5 to +50 °C; Measuring values: 50,000 data sets. Set 
up at 30 minutes and lasted 12 months. 
Particulate Matter (PM)  PCE-DT 9880 
Dust/Particulates 
meter 
Temp range: 0 -50oC; RH: up to 90%; Measuring size: 0.3 – 
10um; Storage: 5,000 data sets; Battery: Rechargeable 4 
hourly; Efficiency: up to 100% for particles > 0.45um; 
weighs 450g. 
 
 
Figure 4. 21 Photographs of IAQ Parameters Measuring Instruments 
 
4.6.5 Validating the instruments 
Validation exercise on Hobo loggers was conducted with Tiny-tag loggers that already have calibration 
certificate which the School of Civil Engineering and Surveying of the University of Portsmouth 
purchased. The validation was conducted in the Eldon Building of University of Portsmouth in 
August/September 2015 and found them agreeing with each other. Similarly instruments measuring 
the same parameter on site in a given space need to agree between themselves, therefore correlation 
analysis was conducted between the following instruments: 
 Hobo U12-012 (Temp/light) vs. Hobo (pendant) with r2 = 0.994 
 Hobo MX1102 (Temp/CO2) vs. Hobo U12-012 (Temp/light) with r2 = 0.999 
Charts showing the relationships are shown in Appendix 2. 
 
HOBO MX1102 CO2/Temp/RH 
 
Trotec BZ30 CO2/RH/Temp 
 
PCE-DT 9880 Dust/particles 
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4.7 Survey Methods 
Buildings are designed, constructed and run for the benefit of their occupants, therefore their 
perceptions and opinions as to how they feel and the way they use their buildings need to be explored, 
and the best way to do this, is in the employment of a survey (Anderson & Gansneder, 2016; Leaman, 
2010; Peretti & Schiavon, 2011; Yun & Trumbo, 2000). In this study, the occupants of the learning 
environments were the students, their teachers and support staff. A paper-based questionnaire was 
prepared and administered to the occupants in each of the six selected learning spaces. The group 
here-and-now survey method was adopted due to its advantages over the post or the web-based ones. 
It has the advantages of having higher response rates, requires low technical knowhow and it offers 
the possibility of responding to any misunderstood concept/question that may arise (Hann & Soyer, 
2005). The questionnaire was however limited in length, as longer ones could be costly and time 
consuming and may lead to poor or unreliable responses (Cook & Campbell, 1979). This study 
therefore, adopted the method of Building Use Studies (BUS) methodology (Leaman, 2010), and was 
broadened with relevant IEQ studies involving surveys from the literature (Dykes & Baird, 2013; Nardi, 
2003; Peretti & Schiavon, 2011). 
It is a common practice to observe the actions of occupants in their natural settings, their clothing and 
how they keep themselves comfortable, by opening or closing doors and or windows, using shades and 
fans, manipulating heating or cooling controls, these were all translated into questions in surveys, 
which the occupants answered. Similarly in this study, the occupants in the learning environments 
were surveyed, while normally dressed and immediately after their normal academic activities. The 
students and their teachers also answered other questions on how they felt and perceived the IEQ 
conditions of the learning environments. The aim was to arrive at their total perception of the quality 
of their indoor environments following the guidance from literature and BUS methodology, as well as 
the recommendations of ASHRAE Standard-55.  
The survey questionnaire commenced with a set of instructions stating that the survey was to be 
completed anonymously, that names were not required and although some demographic details were 
asked, they were requested to help in developing appropriate summary statistics. For ethical purposes, 
it also categorically stated that participating in the survey was completely voluntary, that one did not 
have to participate if he/she didn’t want to. This was further reiterated during the survey by the 
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researcher. Copies of the questionnaires used in the first and subsequent two surveys are in 
Appendices 3 and 4. 
The questionnaire consists of eight sections: thermal, acoustic and visual comfort, indoor air quality, a 
ranking of IEQ parameters, clothing and demographic sections. These were broken down into 26 
questions, all of which did not take more than 15 minutes to complete. The possible responses to the 
questions were provided on a 7-point ASHRAE thermal sensation scale; starting from 1 representing 
comfortable to 7 representing uncomfortable. However the first set of questionnaires had some few 
questions which responses were on a dichotomous scale of “comfortable/uncomfortable” or 
“Yes/No”, providing a clear distinction between acceptability and non-acceptability. The questions 
under each heading are as follows: 
4.7.1: Surveying Thermal Comfort 
Three prominent 7-point scales are employed in the thermal comfort surveys, the ASHRAE thermal 
sensation, the Bedford 7-point and the McIntyre preference scales. ASHRAE scale is brief and directly 
deals with the perception of coldness and warmness, Bedford scale incorporates comfort perception 
and contains many words while McIntyre deals with preference of thermal conditions. Besides the 
thermal comfort measurements, the 7-point scale was adopted and mostly used in measuring the 
other three IEQ parameters (visual, acoustic and indoor air qualities). The three scales are shown in 
Table 4.9 below: 
 
Table 4.9: 7-point scales 
Codes ASHRAE scale Bedford scale McIntyre preference scale 
-3 Cold Much too cool Much too cold 
-2 Cool Too cool Too cold 
-1 Slightly cool Comfortably cool Slightly cool 
0 Neutral Comfortable No change 
+1 Slightly warm Comfortably warm Slightly warm 
+2 Warm Too warm Too warm  
+3 Hot Much too warm Much too warm 
 
Four questions were asked on the thermal conditions of the learning environments:  
• Describe the thermal condition of this space now? Answers to this question were 
provided on a 7-point thermal sensation scale; commencing from 1 representing 
“comfortable” to 7 representing “uncomfortable”. This question sought to bring out 
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how acceptable was the thermal condition of the learning environment was, as 
perceived by its occupants.  
• How would you describe the temperature of this room now? Answers to this question 
were provided on a 7-point thermal sensation scale; commencing from -3 representing 
“cold” to +3 representing “hot”. This was asked to find out how the occupants felt 
temperature wise at that time in the space. 
• This time how would you prefer the temperature to be in this space? Answers to this 
question were provided also on a 7-point thermal sensation scale; commencing from 
-3 representing “wanting cooler”, 0 representing “wanting no change” to +3 
representing “wanting warmer”. This was used to corroborate the second question, 
ordinarily a person who was hot would want to be cold and vice versa. 
• When the temperature in here gets too warm/cold, how would you respond? Options 
provided include: 
o Drink something cold/hot 
o Open/close door/window 
o Put on/remove a jumper or coat 
o Move to a comfortable location 
o Try to ignore and concentrate 
o Others ……………………………… 
 
4.7.2: Surveying Visual Comfort 
Five questions were asked on the visual comfort of the learning environments:  
• What is your assessment of general lighting in this space? Answers to this question 
were provided on a 7-point scale; commencing from 1 representing “very good” to 7 
representing “very poor”. This question dwelt on the general lighting levels in the 
spaces. 
• How would you describe the natural light (day light) in this space? Answers to this 
question were provided on a 7-point scale; commencing from 1 representing “too 
much” to 7 representing “too little”. This question dwelt on the natural or day light 
levels only. 
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• How would you describe the electrical lighting in this space? Answers to this question 
were provided on a 7-point scale; commencing from 1 representing “too much” to 7 
representing “too little”. This question dwelt on the artificial (electrical) lighting levels 
only. 
• Describe the level of glare (dazzling light) in this space? Answers to this question were 
provided on a 7-point scale; commencing from 1 representing “none-at-all” to 7 
representing “too much”. 
• How would you describe the view from this space? Answers to this question were 
provided also on a 7-point scale; commencing from 1 representing “good view” to 7 
representing “poor view”.  
4.7.3: Surveying Acoustic Comfort 
Five questions were asked on the acoustic qualities of the learning environments:  
• What is your assessment of the acoustic qualities of this space? Answers to this 
question were provided on a 7-point scale; commencing from 1 representing “good” 
to 7 representing “poor”. 
• How would you describe noise originating from your colleagues? 
o Options commence from 1 representing “none” to 7 representing “too much”.  
• How would you describe noise originating from building services (fans, ACs)? 
o Options commence from 1 representing “none” to 7 representing “too much”.  
• How would you describe noise originating from outside? 
o Options commence from 1 representing “none” to 7 representing “too much”.  
• Another question was whether the noise interferes with communication in the 
space? This question was answered on a dichotomous scale of “Yes” or “No”.   
 
4.7.4: Surveying Indoor Air Quality (IAQ) 
Six questions were asked on the acoustic qualities of the learning environments. Responses required 
by these questions were on 7-point Likert scales between two extremes starting from 1 representing 
“Satisfied” to 7 representing “Not satisfied”, as shown against each set of answers.   
• How would you describe the air quality in this room now? 
o Options commence from 1 representing “Fresh” to 7 representing “Stuffy”.  
• How would you describe the air movement in this room now? 
o Options commence from 1 representing “Draughty” to 7 representing “Still”. 
• How would you describe the air dryness in this room now? 
o Options commence from 1 representing “Dry” to 7 representing “Humid”. 
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• How would you describe the air odour in this room now? 
o Options commence from 1 representing “Odourless” to 7 representing 
“Smelly”  
• When the air in here gets too humid/stuffy/dusty how do you respond? Options 
provided include: 
o Move to a more comfortable location 
o Open/close door/window 
o Go outdoors for a while 
o Put on mouth/nose/eye mask 
o Try to ignore it and concentrate 
o Others ………………………………… 
 
4.7.5: Surveying Demographic Data 
The occupants’ demographic data were requested for the determination of their personal 
characteristics, which helped in developing appropriate summary statistics. Occupant’s gender was 
used in explaining the potential differences in gender comfort perceptions. Likewise responses on 
health status and age played similar roles in explaining the differing comfort perceptions among the 
occupants. Five questions were asked about demographic characteristics of the respondents:  
• Questions relating to the respondent’s age group:  
o Below 20 years  
o 20 - 25  
o 26 - 30  
o Above 30.  
• Gender: whether male or female.  
• Status: whether staff or student.  
• Hours spent per week in the given space:  
o 5 hours and below  
o From 6 - 8 hours 
o From 9 - 11 hours 
o 12 hours and above. 
• Health status include: 
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o Healthy  
o Sick  
o Physically challenged  
o Visually challenged  
o Aurally challenged  
o Headachy. 
 
4.7.6: Ranking of Parameters 
The occupants were also asked to choose any three variables among a list of ten IEQ attributes, which 
would facilitate their comfort in any space. These were requested in order to capture the occupants’ 
ratings and opinions of the several IEQ variables that influenced their perception of comfort in the 
learning environments. These include: 
o Ability to control windows and or lighting/fan switches 
o Moderately dry/humid environment 
o Dust free environment 
o Eco free environment 
o Airy environment 
o Pleasant outdoor view 
o Comfortable temperature 
o Noise free environment 
o Odourless environment 
o Well-lit environment. 
The outcome of this section was mapped with the main questions from the questionnaire with a view 
to streamlining and comparing with what was obtained. The results from this section and the mapping 
were used in arriving at the ranking levels of the IEQ parameters in Chapter 10. 
4.7.7: Surveying Clothing Ensembles 
A list of typical clothing ensembles worn in the environment was provided for the occupants to indicate 
the ones they had on during the survey administration. This was used to calculate the occupants’ 
clothing insulation (clo) values, using the clo values provided by both ISO 7730 and ASHRAE 55. This is 
one of the six inputs required in calculating predicted mean vote (PMV). See Figure 4.22 for a 
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photograph of the typical clothing ensembles in the study area. The following sets of clothing 
ensembles were provided: 
• Short sleeve shirt/T-shirt and trousers   
• Long sleeve shirt and trousers 
• Kaftan, trousers and cap  
• Shirt with jacket/blazer and trousers   
• Set of big gown, trousers and cap  
• Complete suit and trousers  
• Blouse/shirt with skirts/trousers      
• Set of female long gown and hijab  
• Set of wrappers and hijab   
• Others …………………………………  
 
 
Figure 4. 22 Typical clothing ensembles worn in the environment 
 
4.7.8: Surveying Occupants Seating Locations 
A sketch of floor plans of the respective spaces was provided for the respondents to indicate their 
exact locations at the time of completing the questionnaires. This assisted in explaining the 
environmental conditions of each location. The seating arrangements in each space, depending on its 
area, were approximately divided into nine squares or rectangles, and were identified in relation 
teachers’ stand as follows: front-left (FL), front-middle (FM), front-right (FR), middle-left (ML), middle-
middle (MM), middle-right (MR), rear-left (RL), rear-middle (RM) and rear-right (RR). Figure 4.23 shows 
sample of students’ seating locations in one of the learning environments. 
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Figure 4.23 Floor plan showing students' typical seating locations 
 
4.8 Summary 
Research activities like any other important human endeavour require planning, sorting tools, and 
arrangement of work processes. Data, the raw material of research, needed to be known, its type and 
how it is gathered, sorted and analysed make research an interesting endeavour, neglecting these, 
could end up in a wasted effort. This chapter discussed the identification of the data type, their sorting 
and how they were collected based on the industry guidelines were explained.  The selection of the 
learning environments from a list of 41 buildings was explained. Information on the selected learning 
spaces was further discussed in details, floor plans as well as relevant internal and external 
photographs were shown. The rationale behind the choice of the research instruments used was also 
explained. The physical measurements and the survey tools used in the study were discussed in greater 
details.  
The research primarily dealt with first hand data, which were collected with appropriate research 
instruments and the sorted data were descriptively and inferentially analysed using Excel and Minitab 
packages. The results of the analysis and the findings are laid out in chapters seven through to the 
tenth. 
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Chapter 5  
Pilot Assessment of a Learning Environment in Bayero 
University, Kano 
5.1: Introduction  
This chapter discusses a pilot study that was undertaken before the full main research. The result 
culminated into a conference paper and was presented at a Passive and Low Energy Architecture (PLEA 
2016) conference at Los Angeles in July 2016. 
A pilot study is referred to as a feasibility study which is a small scale version or trial run done in 
preparation for the main research (Polit et al., 2001).  It can also refer to as the pre-testing or trying 
out of a particular instrument of the research. Conducting a pilot study offers an advance warning 
about the possibility of a success or failure in the main study. The main reasons this pilot study was 
conducted include: 
• Collecting preliminary data that paved way for the main data collection. 
• Developing and testing adequacy of research instruments; a few measuring 
instruments were purchased and tested during the pilot study to ensure their 
appropriateness. Similarly a survey questionnaire was prepared and tested to ensure 
its workability. 
• Identifying logistical problems which might occur during the conduct of the full scale 
research. 
• Assessing the proposed data analysis techniques to uncover potential problems. 
• Determining resources required based on the funds available for the main study. 
Approval was granted after discussing the reasons and processes of the research with the relevant 
university authority, and therefore the pilot assessment was conducted on a lecture theatre. The 
measurement results obtained together with students’ survey data are reported and compared to 
relevant international comfort standards.  
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5.2: Methodology  
During the pilot study physical measurements of architectural characteristics of the selected lecture 
theatre, being a representative of the various learning environments in the university, were conducted. 
Similarly, a questionnaire-based survey was administered to the occupants of the lecture theatre, 
while measuring the environmental parameters which included internal air and radiant temperatures, 
relative humidity, illumination and noise levels and CO2 concentrations.  
The selected lecture theatre for the pilot study was chosen from the new campus. It is part of a twin 
lecture complex comprising of two theatres and series of offices for the teachers. This particular 
theatre has a volume of 1,830m3, is illuminated both naturally and artificially, its walls are finished with 
light paint on cement plaster, and the floors are covered with vitrified floor tiles and does not depend 
on mechanical ventilation. Figures 5.1 shows some photographs and a floor plan of the lecture theatre. 
In the main work this theatre was not used, the other theatre on the eastern façade was however 
used. 
 
  
  
Figure 5.1 Internal and external photographs and spot measurement locations (T= temp., L= light and S= sound;  O = 
location of loggers) 
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5.2.1: Physical Measurements 
A procedure consistent with ASHRAE standard 55-2013 was adopted in the pilot study. A number of 
instruments were used to spot measure the indoor environmental conditions, at the same time 
respondents filled in the questionnaires. The instruments used were simple hand held meters. They 
include HOBO loggers for temperature and illumination, Trotec BZ30 for temperature, relative 
humidity and CO2 concentration and Extech HD600 sound meter for background noise levels. 
Temperature, sound pressure levels and CO2 concentration were spot measured in five locations in the 
learning environment, as recommended by ASHRAE 140, whereas illumination levels were measured 
in nine locations. Points of measurements are marked on the theatre ground floor plan shown in Figure 
5.2; where T= temp., L= light, C= carbon dioxide and S= sound. The exercise was conducted in January 
2016, which coincided with the cool & dry and dust blowing season in Kano, therefore air conditioners 
and ceiling fans were not put on and windows were kept closed. 
The spot session was conducted between 9.00 am to 11.00 am on a working day, while the space was 
vacant, and repeated at 12 noon when occupied. The spot measurement results for temperature, CO2, 
illumination and sound pressure levels were immediately recorded these are shown in Table 5.1. 
 
Table 5.1 Pilot Measurement Results 
Learning 
Environment 
Temperat
ure  
(°C) 
Relative 
Humidity  
(%) 
Illumination (lux) CO2 Concentration 
(ppm) 
Background 
Noise  
dB(A) 
Sound 
Pressure Level  
dB(A) 
Unoccupie
d/occupie
d (9.30am) 
Unoccupied
/occupied 
(9.30am) 
Daylight 
(9.30am 
Total 
(10.00
am) 
Unoccu
pied 
(9.30am 
Occupied 
(12.30pm) 
Uno
ccup
ied 
Occ
upie
d 
1 m 
posi
tion 
Central 
positio
n 
Lecture 
Theatre 
(Capacity 
250) 
Min 29.0/30.2 18.1/17.4 105 294 393 707 31 59 - - 
Max 30.4/31.3 18.9/18.2 521 748 406 770 33 69 - - 
Mean 29.6/30.9 18.4/17.7 251 461 401 735 32 64 75 64 
Standards’ Limits 
and ranges 
24.5⁰C-
28⁰C 
Summer 
23.3⁰C-
25.5⁰C 
winter 
(ASHRAE-
55) 
30-
60% 
(ASHR
AE-55) 
300; 500; 500 lx: 
lecture, lab. and library 
respectively  (EN-
12464) 
 
 
1000/1200 ppm for 
any learning 
environment 
(ASHRAE 62-2004) 
35-40; 40-
45; 35-40 
dB(A) for 
lecture 
room, 
laboratory 
and library 
respectively 
(WHO 2006) 
 
 
5.2.2: Survey Session  
About 250 paper-based questionnaires were prepared, for the occupants to answer, in accordance 
methods laid out in chapter four, Section 4.7 and which is based on recommendations from various 
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studies (Dykes & Baird, 2013; Nardi, 2003; Peretti & Schiavon, 2011) and comfort standards. As stated 
in Section 4.7 the questionnaires contained seven sections: thermal, acoustic and visual comfort, 
indoor air quality, a ranking of parameters and demographic information. In addition the questionnaire 
contained a sketch of the learning environment for the occupants to indicate their approximate sitting 
positions during the survey.  A total of 197 questionnaires were distributed to a lower level engineering 
students in the lecture theatre. Although a section of the university staff was on strike, this set of 
students were on a compulsory Student Work Experience Program (SWEP). Thus, the questionnaire-
based survey was administered between 12 noon and 1.00 pm on 21st January 2016. So far 193 
questionnaires were filled and returned. 
 
5.3: The Pilot Study Results 
This is the result of the pilot assessment, it is separated from the main research results because of its 
being a test run. Table 5.1 shows the summary of the measured pilot results of the spot measurement 
sessions, alongside some ranges of values from relevant comfort standards for comparison. The 
unoccupied measured temperature values in the theatre ranged from 29.0 °C to 30.4 °C, relative 
humidity from 18% to 19%, CO2 concentration from 393 to 406 ppm and background noise levels from 
31 to 33 dB(A). CO2 concentration values measured during the occupied time were between 707 ppm 
and 770 ppm and background noise levels were between 59 dB(A) and 69 dB(A). Sound pressure levels 
were measured in two places; at 1 m from the teacher’s stand and in the middle of the theatre, they 
stood at 75 dB(A) and 64 dB(A) respectively. These values indicate relatively acceptable conditions in 
relation to the standards’ thresholds. 
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Figure 5.2:  Summary of respondents Characteristics 
 
Figure 5.2 shows the results of the demographic analysis with male respondents dominating the 
survey, numbering 180, out of 188 students. Majority of the participants were aged between 20 and 
25 years, 21% were below 20 years, while 11% were between 25 and 30 years and only 3% were above 
30 years. The theatre has operable high-level windows on three of its four sides, which made it easier 
for the seating arrangement to be categorized into two: window-wall and middle positions. The 
analysis was conducted in three sub-groups set by gender, age distribution and seating location, 
adopting the method followed in (Al-Maiyah et al., 2015). 
 
5.3.1: Thermal Status of the Theatre 
The survey’s 7-point scale was converted into three categories for the purpose of assessing the 
participants’ perception of comfort in the theatre. For the questions under thermal sensation, the first 
and last two extreme categories on the scale were merged into one group each forming the 
“uncomfortable” group, while the three central categories formed the “moderately comfortable” 
group, this is done by adopting the method followed by (Al-Maiyah et al., 2015; Humphreys, 2005). 
Figure 5.3 gives a summary of the total perception of thermal sensation in the theatre, showing general 
acceptance of the thermal condition by the respondents. Although the majority of the respondents 
said the indoor condition of the theatre was good, yet 28% and 5% of them said the theatre was cold 
and hot respectively. The results of the actions to be taken in a thermal discomfort situation were 
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indeed surprising, 43% preferred to open/close doors/windows, 20% would ignore it and concentrate, 
19% would move to a comfortable location, only about 12% would put on/remove a layer of clothing, 
4% preferred to leave the space and 2% would drink something cold/hot (see Figure 5.4). This goes 
contrary to the general behaviour of adding or removing a layer of clothing which is the dominant 
action in cooler regions (Brager et al., 2004; Halawa & van Hoof, 2012). 
 
 
Figure 5.3: Total IEQ Perception in the Theatre 
 
Figure 5.4 Actions taken due to thermal discomfort 
 
 
When cross-tabulated on how temperature was described by the respective gender in the theatre (see 
Figure 5.5), though dominated by males, some agreement was reached between both of them. In each 
case, 65% and over of both genders described the temperature as moderate and 29 % and 30% of the 
females and males respectively said it was cold, perhaps they were sitting by the windows (this was 
not checked). A mere 5% of the males said the temperature was hot and none of the females voted 
that it was hot. As females accounted for only 4% of the respondents, however, this may not lead to a 
valid conclusion gender-wise.  
 
0% 20% 40% 60% 80% 100%
Percentages
Open/close doors/windows Ignore it and concentrate
Move to a comfortable location Put on/remove a layer of clothing
Get out of the space Drink something cold/hot
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Figure 5.5 Temperature versus Gender 
 
Figure 5.6 shows the cross-tabulation analysis between age group and how each group described the 
temperature in the theatre, it indicates that only 3% of those below 20 years said it was hot, 71% of 
them described it as comfortable, and 26% as cold, they were followed closely by their immediate 
seniors. This indicates that the younger the respondents the more thermally tolerant they are, 
agreeing with the literature (M. Lee et al., 2012; Teli et al., 2012) 
 
 
Figure 5.6 Temperature versus Age Group 
 
When yet another cross tabulation was carried out using seating positions to describe the temperature 
in the theatre (see Figure 5.7), it was found out that only 3% of those sitting by the window-wall said 
it was hot, those in the middle doubled that figure. But about two thirds of each group voted that the 
temperature was neutral, and interestingly also over 25% of both categories voted that the theatre 
was cold. This therefore indicates that in the theatre there was some difference of thermal perception 
between sitting in the middle and by being at the window-wall area. The closer one is to the window 
the cooler one becomes. 
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Figure 5.7 Temperature versus seating location 
 
5.3.2: Results of the Visual Qualities 
On the visual comfort section, the first two and last two extreme categories on the 7-point scale were 
merged into one group each forming satisfactory and unsatisfactory responses respectively, while the 
three central categories formed the “moderate satisfaction”. As shown in Figure 5.8, two thirds of all 
the respondents were generally satisfied with the total visual quality in the theatre, with 24% saying it 
was moderate and 11% were unsatisfied. Majority of the respondents were happy with both daylight 
and electrical light in the theatre, but there was some concern by about 10% of the respondents who 
said daylight was too little, and some 22% complained that it was too much. However about 93% 
accepted the level of glare in the theatre as acceptable.  
The results of cross-tabulation on how both the occupants of window-wall and middle positions 
perceived the total visual quality of the space, the results showed that 65% and 63% respectively were 
satisfied, 22% and 26% were moderately satisfied and 13% and 11% were respectively not. From these 
results it is difficult to make a categorical decision as to which sitting location is more satisfied with the 
visual quality of the theatre. However, it is worthy to note that the survey was conducted around 
midday when the sun was high in the sky and thus the distribution of daylight at the various sections 
of the lecture theatre was likely to be uniform.     
 
 
Figure 5.8 Total IEQ Perception in the Theatre 
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5.3.3: Acoustic and IAQ in the Theatre 
From Figure 5.8 again, it can be inferred that the respondents were more content with IAQ than the 
acoustic quality of the theatre, although indicating high satisfaction in both cases. However, there was 
some convergent view, that the little noise being generated was mostly by the students themselves. 
This was supported by the low votes indicating that less noise was generated from outdoors and from 
building services (20% and below), while it was 49% by their colleagues. On the other hand there was 
no clear indication as to whether the little noise generated could interfere with communication in the 
theatre or not.  
 
5.4: Summary 
The measured background noise levels and CO2 concentration fell within the limits of the standards’ 
thresholds, these were also confirmed by the survey results. Although it was winter time in Kano, as 
expected, the highest recorded air temperature (29.6⁰C) was found to be higher than even the summer 
limit of the ASHRAE standards-55 by 1.6⁰C and 4.1⁰C higher than the winter limit. 
Generally the results of the survey showed some acceptance of the indoor environmental conditions 
of the theatre by the respondents. This may not be unconnected with their age distribution and the 
fact that most of the measured values were within acceptable limits with the dominant climatic 
conditions of the region at the time of the study. The values were however found to be higher than 
most standards thresholds. Female respondents were more content with the general conditions than 
their male counterparts, to support this claim, some 5% of the males reported that the temperature 
was hot. From the analysis it was also gathered that all the age groups experienced similar acceptable 
conditions, however those between the ages of 25 to 30 years showed more agreement. Similar results 
were also found with seating locations, but those seating by window-wall were more content with all 
the measured/perceived parameters.  
Parts of the survey results revealed some inconsistent responses within and between the measured 
values, this could be explained by the unfamiliar language and wordings of the survey. Insights have 
been gained in the conduct of the pilot measurements and surveys. It has helped in improving the data 
collection methods by taking a closer look at the wordings of questionnaires to reflect regional 
differences. The questionnaire was shortened, formatted and unfamiliar words simplified. Secondly 
the electrical power problem observed during the measurement was something to be aware of, such 
that adequate preparation against eventualities of power failure had to be made. This necessitated 
Chapter Five 
Page 136 of 356 
 
making a proper preparation where power back-ups using batteries and inverters, were provided for 
some of the logging instruments to ensure continuous power supply to them. Spot measuring 
instruments with long battery life were preferred over those relaying on electrical power only. The 
pilot study considered only one space, more buildings were evaluated during the main study for more 
revealing results, and these are discussed in Chapter 7. 
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Chapter 6  
Introducing the Research Results and Analyses 
6.1: Introduction 
This chapter introduces the results and analyses section produced by the research. The results and 
analyses are presented in four different chapters. The descriptive statistics of the results of both the 
measurements and the surveys and the comparison between them and with relevant comfort 
standards’ thresholds are presented first. These are followed by evaluation of neutral and preferred 
temperatures, comfort zone and adaptive comfort equation for Kano region. Next is the account of 
impacts the spaces’ architectural design characteristics had on their overall performance and finally 
the ranking of the IEQ variables in the learning environments as perceived by the occupants completes 
the analyses. The highlights of these chapters are hereby presented. 
 
6.2: Measured and Perceived IEQ Results  
Chapter seven presents and discusses the descriptive statistics of the measurement results and the 
levels of occupants’ satisfaction with the indoor environmental quality (IEQ) of the six selected learning 
environments in Bayero University, Kano. The chapter shows the physically determined results of the 
individual IEQ parameters (thermal, visual and acoustic comfort as well as indoor air quality) and the 
perceptions recorded through surveys. It then brings out the differences between them and compares 
them with the provisions of relevant national and international comfort standards. The broken down 
environmental parameters used in determining the comfort indices include the air and radiant 
temperatures, relative humidity, air velocity, CO2 concentration, particulate matter, illumination, 
background noise and sound pressure levels, and these were obtained through the use of both spot 
and logging instruments.  
The thermal, visual and acoustic performances as well as the indoor air quality of the learning 
environments were determined on a space by space basis, and for each of the three seasons. 
Environmental indices such as the predicted mean votes (PMV), predicted percentage dissatisfied 
(PPD), operative temperature, actual mean votes (AMV), actual percentage dissatisfied (APD) and 
adaptive thermal comfort ranges according to two approaches were evaluated based on the guidance 
of the relevant standards. The levels of the performances were compared with the relevant national 
and international comfort standards’ thresholds, where their adequacies or otherwise were discussed.  
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6.3: Evaluating Neutral and Preferred Temperatures, Comfort Zone and Calculating 
Adaptive Equation for Kano Region 
A thermal comfort study in an indoor environment makes it possible to determine the acceptable 
range of environmental parameters’ levels and permitting architectural recommendations that best fit 
each type of climate. Chapter eight presents the computation of the neutral temperature, adaptive 
temperature comfort range and preferred temperature as well as the adaptive thermal comfort 
equation for the naturally ventilated buildings appropriate for the hot and dry region of Nigeria.  
The results of the calculated comfort indices from Chapter 7, including the PMV, PPD, operative 
temperature, AMV and the adaptive comfort ranges, were based on calculated neutral temperatures 
(from surveys) and prevailing outside temperatures. A study conducted by de Dear & Brager (2002) 
showed that thermal preferences vary according to seasons and between groups of people, therefore 
the comfort temperatures and other values were calculated for the three seasons and for the whole 
year. 
 
6.4: Correlating Architectural Design Characteristics of the Learning Environments 
with Measurements and Survey Results 
The knowledge of a location’s climate goes a long way in assisting designers in their efforts toward 
providing comfortable conditions in buildings. In tropical hot and dry regions, solar radiation is the 
main source of heat gain the buildings experience, leading to significant levels of cooling requirements 
to maintain comfort indoors (Kotsy et al., 2009). Passive design strategies are some of the ways the 
designers utilize in optimizing human comfort in the buildings they construct. Generally ingenious use 
of a location’s sun path, the facility’s thermal mass, its orientation, room orientation, compactness 
factor, window to wall ratio (WWR), fenestration factor, window shading devices, and the like, 
facilitate the designers’ efforts in providing comfortable buildings. 
Indoor comfort is said to be dependent upon the climatic conditions of its site, the type of users and 
the character of the facility’s design. Identification of the architectural design characteristics and how 
they impacted on the indoor environmental conditions of the university’s learning environments are 
the main focus of Chapter 9. Through physical measurements and observations, the architectural 
design characteristics of the spaces were identified. Subsequently correlation analysis of the measured 
and perceived results with the various architectural design characteristics was conducted to elicit an 
Chapter Six 
Page 139 of 356 
 
understanding of the possible potential relationships that exist between the characteristics and the 
obtained comfort indices. 
The results are presented under three main headings: design features, physical measurement and the 
survey results. The PMV (although the learning environments were in free-running modes) and the 
AMV were paired against the individual characteristics; building orientation, compactness factor, 
window-wall ratio and shading devices, and with their combined effect. Operative temperature as a 
measure of adaptive thermal comfort approach was also paired against the architectural design 
characteristics. Levels of satisfaction with the natural light, background noise levels, satisfaction with 
acoustic qualities and satisfaction with the CO2 concentrations in the learning environments were also 
paired with the architectural design characteristics individually and in their combinations. 
 
6.5: Ranking of IEQ Variables in the University’s Buildings 
Satisfaction with an indoor environment is a multifaceted one, the four most often quoted indoor 
environmental quality parameters (thermal, visual and acoustic comfort as well as indoor air quality) 
each has to have some level of acceptability from the occupants for the facility to perform well 
environmentally. Chapter ten presents the occupants’ decisions on which parameter is most important 
in enhancing comfort in the six learning environments across the three campuses of the university. 
This knowledge is essential, as it could be used as a guide when constructing new buildings and when 
renovating existing ones. The lessons and feedback gathered from these types of studies help not only 
with the identification of the IEQ problems, which impact on the building performance, but also allow 
for the avoidance of possible building deterioration.  
A section of the first survey’s questionnaire contained a list of ten IEQ variables from which the 
respondents were asked to select any three that they felt would normally enhance their comfort in 
that learning space. Percentage of the responses were calculated for each space, together with the 
variables mean responses from Chapter 7, the variables were ranked, and the spaces were also ranked 
by their overall scores. These were then grouped and assessed based on individual learning 
environments and combined spaces, based on gender, building type and according to the campus the 
learning environments are located.  
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6.6: Summary 
The chapter introduced the results and analyses produced in the course of the whole research in four 
different chapters. The physical measurements and survey results, their analyses and comparisons 
were all reported in Chapter 7. The comparison was conducted between the two results and with 
thresholds form relevant international comfort standards and with Nigerian standards. Neutral and 
preferred temperatures were evaluated and reported in Chapter 8 for Kano region using the results 
from Chapter 7 as input. Correlations of the spaces’ architectural design characteristics and the 
comfort indices were made and insights into the kind of passive design strategies suitable for the 
region were highlighted and reported in Chapter 9. Additionally in Chapter 10, using the results from 
Chapter 7 and the frequencies of responses from a section of the first set of the questionnaires, the 
highest ranking IEQ variables were determined based on space, campus, gender and the building types. 
These are reported and arranged in the next four chapters. 
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Chapter 7  
Measured and Perceived IEQ Results 
7.1 Introduction 
The aim of this chapter is to address the first, second and third objectives of the study which are 
enumerated in Section 1.3. It discusses the results of the physical measurements and the surveys 
conducted, brings out the differences between them and compares the findings with the provisions 
of relevant national and international comfort standards. To determine and evaluate occupants’ 
satisfaction with the indoor environmental quality (IEQ) of the learning environments in the Bayero 
University Kano, the study followed organized steps adopted from the literature and which are 
outlined in the methodology section in Chapter 3 and are summarised as follows: 
• Descriptive measurement was conducted to obtain the spaces’ architectural features, leading 
to the space selection exercise; 
• Instrumented measurement was conducted to obtain spot and logged values of the several 
IEQ variables, including: air and radiant temperatures, relative humidity, air velocity, CO2 
concentration, particulate matter, illumination, background noise and sound pressure levels. 
This was conducted three times, as explained in Chapter 3; and 
• Survey (using paper-based questionnaire) was conducted to obtain the occupants’ IEQ 
satisfaction and perception, it was also conducted three times. 
 
7.2 Descriptive Measurements 
Table 7.1 shows the results of the descriptive measurements of the learning environments in the 
form of architectural characteristics. The selected spaces include four lecture theatres and two 
laboratories, which are spread among the three campuses of the university. Dandatti and FEES 
lecture theatres are situated at the new campus, IH Umar lecture theatre and Multi-purpose 
laboratory are in the old campus, while AKTH lecture theatre and Phantom laboratory are located 
in the Teaching Hospital campus. The selected learning environments had different architectural 
features, site conditions and solar exposures. 
Among the lecture theatres, Dandatti has the largest floor area reaching up to 394 m2, and a 
capacity of 150 seats, but its occupancy rate is only 2.63 m2/seat. It is followed by AKTH theatre, 
with a capacity of 120 seats and 381 m2 floor area, therefore it has the highest area per seat of 3.18 
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m2/seat. FEES theatre seats 120 students, has a floor area of 263 m2 and 2.19 m2/seat. The least is 
IH Umar theatre, with a floor area of 212 m2 and a capacity of 150 seats, therefore has the smallest 
occupancy ratio of 1.41 m2/seat. The Multi-purpose laboratory seats 125 students within a floor 
area of 310 m2, thus having an occupancy rate of 2.48 m2/seat. The Phantom laboratory, on the 
other hand, has a provision for 40 students within a floor area of 130 m2, hence has the highest 
occupancy ratio among all the selected spaces of 3.25 m2/seat.  
The finishes on internal walls and ceilings surfaces of the learning environments are light coloured. 
The window-walls of the spaces are mostly situated on their long axes, and are orientated north-
south, and five of them have windows on three walls except the Phantom laboratory. The spaces 
are fitted with aluminium framed single glazed windows, with window-wall ratios ranging from 7% 
in FEES theatre to 27% in AKTH theatre, as shown in Figure 7.1. The Multi-purpose laboratory and 
IH Umar theatre have external shading devices made up of side and top concrete fins and roof 
overhangs (see Figure 7.2 for details), while the Phantom laboratory has internal Venetian blinds 
and a veranda on the western side. All the spaces are fitted with ceiling fans ranging from five units 
in the Phantom laboratory to 28 in Dandatti theatre. 
 
a 
  
b 
Figure 7.1 Showing the buildings fitted with aluminium window 
 
 
c 
 
d 
Figure 7.2 Showing the buildings’ shading devices 
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Table 
7.1 Characteristics of the Learning Environments 
Attributes Dandatti FEES MPL IH Umar AKTH PHL 
Capacity 150 seats 120 seats 125 seats 150 seats 120 seats 40 seats 
Length x width 25.0 m x 15.8 m 21.0 m x 12.5 m 20.0 m x 15.5 m 18.0 m x 11.8 m 22.73 m x 16.75 m 17.8 m x 7.3 m 
Height 6.39 m (front) and  2.90 m (rear) 7.4 m (front) and 3.0 m 
(rear) 
3.27 m 5.4 m (front) and 2.4 m (rear) 6.8 m (front) and 2.8 m 
(rear) 
 3.48 m 
Floor Area 394 m2 263 m2 310 m2 212 m2 381 m2 130 m2 
Occupancy density 2.63 m2/person 2.19 m2/person 2.48 m2/person 1.41 m2/person 3.18 m2/person 3.25  m2/person                    
Volume 1,830 m3 1,367.6 m3 1,014 m3 826.8 m3 1,828.8 m3 452 m3 
Wall finishes Light paint on cement plaster Light paint on cement 
plaster 
Light paint on cement plaster Light paint on cement plaster Light paint on cement 
plaster 
Light paint on cement 
plaster 
Floor finish Vitrified floor tiles Vitrified floor tiles Ceramic floor tiles Vitrified floor tiles Vitrified floor tiles Vitrified floor tiles 
Ceiling finish Gypsum boards Gypsum boards Celotex acoustic boards Gypsum boards Celotex acoustic boards Celotex acoustic boards 
Area of glazing 74.0 m2   (no blinds) 22.7 m2 41.9 m2   (no blinds) 28.3 m2 (no blinds) 95.2 m2  (no blinds) 19.8 m2 (internal blinds) 
Total wall surface area  378.7 m2 348.4 m2 232.2 m2 232.3 m2 355.3 m2 174.7 m2 
Number of window-walls Three Three  Three Three Two Two 
Window-walls orientations North, East and West North, West and South South, East and North South, East and North South and North West and East 
Window-wall area ratio 20% 7% 18% 12% 27% 11% 
Ventilation system Natural ventilation Natural ventilation Natural ventilation Natural ventilation Natural ventilation Natural ventilation 
Number of ceiling fans 28 pieces 12 pieces 13 pieces  8 pieces 14 pieces Five pieces 
Type and number of 
luminaries 
51 pieces of 85 watts energy 
saver bulbs 
16 pieces of 85 watts energy 
saver bulbs 
18 pieces of 85 watts energy 
saver bulbs 
43 pieces of 85 watts energy 
saver bulbs 
52 pieces of 85 watts 
energy saver bulbs 
6 sets of 4 fluorescent 
tube diffusers 
Type of furniture finish Metal and wood tops Metal, wood and cushioned 
fabric 
Metal/wood tops and soft seats Metal and wood tops Metal and wood tops Metal/wood tops and 
soft seats 
Presence and type of shading  Eastern and Western sides 
shaded by trees 
None Shaded by fins Some shade from fins and roof 
overhang 
None Internal blinds and one 
sided verandah 
Floor situation Tiered floor Tiered floor Horizontally flat floor Tiered floor Tiered floor Horizontally flat floor 
Wall surface area-volume ratio 0.21 m-1 0.25 m-1 0.23 m-1 0.28 m-1 0.19 m-1 0.39 m-1 
Orientation from the North 45° (North-east) -15° (North-north-west) 10° (North-north-east) 10° (North-north-east) 5° (North-north-east) 95° (East-south-east) 
                               North                                                             
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7.3 Spot Data Measurements 
Tables 7.2, 7.3 and 7.4 below show the results of the instrumented measures, in the form of spot 
measurements of the IEQ parameters conducted during the three fieldworks. The first fieldwork took 
place in the mid-season, the second fieldwork was conducted in winter while the third and final took 
place in the summer. Similarly the theatre at the Teaching Hospital is renamed “AKTH”, those in new 
campus are called “Dandatti” and “FEES”. IH Umar theatre together with the Multi-purpose laboratory 
are sited at the Old campus and are respectively referred to as “IH Umar” and “MPL”. While the 
Phantom laboratory at the Teaching Hospital is referred to as “PHL”. 
The IEQ was investigated through its four main indicators: thermal comfort (by measuring air and 
radiant temperatures, air velocity and relative humidity, while clothing insulations were obtained from 
the surveys and the standard metabolic rates for lectures and laboratory works were used) (ASHRAE 
(2013), 2013; CIBSE Guide A, 2015; ISO (2005), 2005); visual comfort (by measuring internal 
illuminance), acoustic qualities (by measuring background noise and teacher’s voice loudness) and IAQ 
(by measuring CO2 concentration, PM2.5 and PM10). The maximum, minimum and mean values of the 
measured environmental variables were therefore determined and reported where possible. 
Externally, shaded daylight levels, background noise, CO2 concentration and air temperature spot 
values around each space were also recorded during the fieldworks. In line with standards’ 
recommendations, the learning environments’ IEQ variables were measured during the occupied and 
unoccupied situations. Analysis of the various IEQ components parameters was individually 
conducted. 
7.4 Thermal Comfort Variables 
Table 7.2 through to Table 7.4 show the results of the physically measured IEQ parameters, compiled 
during the three respective fieldworks conducted in the six learning environments. The analysis 
considered the fieldworks as they were conducted, that is, it commenced with the mid-season, 
followed by the winter and finalized with the summer fieldwork. Following the recommendations of 
ISO 7730 and EN 15251, thermal comfort indices for predicted mean vote (PMV) and predicted 
percentage of dissatisfied (PPD) were evaluated by the help of CBE thermal comfort tool. The adaptive 
thermal comfort model results in line with EN 15251 and ASHRAE 55 were evaluated and compared 
with the PMV-PPD model. The survey results were equally compared with both the results of the 
measurements and the thresholds of relevant comfort standards. 
7.4.1 Midseason Fieldwork 
From Table 7.2 it can be seen that the mid-season measurements witnessed a mixture of high and low 
air temperatures as well as high humidity due to the occurrence of rainfall in the season. The occupied 
air temperature in IH Umar reached as high as 34.9 oC recorded at 13:35, it was as low as 26.9 oC and 
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26.4 Co in AKTH at 14:45 and PHL at 12:15 respectively, although were conducted on different dates. 
An occupied air temperature range of 8.5 oC was recorded during in mid-season (recorded in the 
spaces with the highest and the lowest values, IH Umar and PHL), this range happened to be the 
highest among the three seasons. This variation between the minimum and maximum recorded 
doubled what was obtained during the summer (3.9 °C), this could be as a result of occurrence of 
rainfall in mid-season, resulting in low temperatures. This was evidently seen as relative humidity 
levels reached as high as 87% recorded in FEES, while the minimum of 61% found in MPL. Generally, 
the relative humidity exceeded the ASHRAE comfort limit, even the lowest recorded value was at the 
borderline of the 60% upper limit. The respective external air temperatures recorded around FEES and 
MPL were 31.0 oC and 27.9 oC, although measured on different dates. The calculated average Top 
during this fieldwork was 28.7 oC.  
ASHRAE 55 recommends the use of operative temperature (Top) as the measure of thermal comfort 
instead of Tar. See Sections 3.6.8 and 7.4.4 for the details of Top calculation methods. For comparison 
sake the highest Tar exceeded the ASHRAE 55 summer thermal comfort threshold, the mean recorded 
in three spaces was very much within the range of the standard, similarly the mean operative 
temperature (Top) was accommodated in the range.  
Generally the air temperatures in mid-season were lower and higher than those recorded during the 
summer and winter respectively, but the range in the summer and winter was smaller. On the other 
hand due to the occurrence of rainfall in the mid-season, RH values were much higher than what was 
obtained during the other seasons. 
7.4.2 Winter Fieldwork 
During the winter season, refer to Table 7.3, the maximum occupied air temperature stood at 30.7 oC 
and was recorded in the afternoon (16:30) in MPL. The lowest temperature of 25.4 oC was recorded 
at 11:30 in the PHL, this was 7.0 °C lower than the lowest summer value, and these too were also 
recorded on different dates. The occupied air temperature range recorded was however 5.3 oC. The 
calculated mean Top during the winter was 26.0 oC, this slightly fell outside the ASHRAE 55 winter 
comfort temperature range of 23.3 oC to 25.5 oC. With the exception of AKTH, which had 25.3 oC, the 
mean Tar in the other five spaces were all above this limit, though the measurements in the theatre 
were conducted in the morning. It is worth noting that during this season ceiling fans were not 
operated in the spaces. Generally in the season, relative humidity values recorded in all the spaces 
were quite low. The highest of 23% was found in Dandatti, while the lowest, 13% was recorded in 
MPL, these were all  found to fall below the ASHRAE 55 lower limit of 30%. 
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7.4.3 Summer Fieldwork 
Table 7.4 shows the results of the summer fieldwork. The maximum occupied indoor air temperature 
(Tar) during the fieldwork was 36.9 oC and was recorded in IH Umar, although it was conducted in early 
afternoon (13:40) when the externally logged air temperature was 43.1 oC. During the fieldwork the 
highest mean occupied Tar stood at 36.8 oC, while the lowest was 33.3 oC recorded in IH Umar and PHL 
respectively. But the measurement in PHL was conducted in the morning (10:35) when the externally 
logged air temperature was 36.7 °C. The highest temperature range recorded in all the spaces was 3.9 
oC during the season. Air velocities of 0.98 m/s and 0.94 m/s were recorded in FEES and IH Umar 
respectively, and the measurements were conducted while windows were opened and ceiling fans 
were in full operation. Interestingly even when windows were opened and ceiling fans were working, 
as low as 0.25 m/s air velocity was recorded in some locations of IH Umar, due to in-operability of 
some windows and positioning of the ceiling fans. The recorded relative humidity (RH) during the 
season ranged between 12% and 47% in the occupied situations of the learning environments, and 
were recorded in Dandatti and MPL respectively. The differences in RH between the spaces could be 
attributed to the time when the measurements were conducted, and the frequent use of water in the 
laboratory. 
Two spaces, IH Umar and PHL, had respectively the highest and lowest values of Tar.  This was 
attributed to the differences in the dates and times of the survey, when the externally logged air 
temperatures during the respective dates were 43.1 °C and 36.7 °C. The high air velocity recorded in 
the IH Umar of 0.94 m/s as a result of ceiling fans operation, did not help matters, this was perhaps 
because the area of operable windows in the theatre was inadequate to provide the needed ingress 
of air flow from outside. It was also observed during the fieldwork that the windows of the theatre 
were high up and were difficult to be operated without the use of ladders or other mechanisms. 
Similarly occupancy rates in the two spaces were very dissimilar, IH Umar was filled to capacity during 
the fieldwork. The RH levels were as expected higher during the mid-season, which was the rainy 
season. 
However, from Table 7.7, it can be seen that the calculated mean Top during the summer was 33.4 oC. 
Although this value was found to be similar to the lowest average Tar   recorded in PHL (as explained 
above), overall both the calculated mean values of Tar and Top were similar. The calculated mean values 
of Tar and Top were found to be much higher than the ASHRAE 55 summer comfort zone temperature 
upper limit of 28.0 oC. Furthermore ASHRAE 55 recommends a relative humidity comfort range of 30% 
to 60%, the two spaces, IH Umar and MPL failed to meet this limit, the highest relative humidity values 
recorded in them were 18% and 14% respectively. 
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Table7.2 Measured IEQ Parameters: First Survey (Aug/Sept 2016): Midseason 
LEARNING 
ENVIRONMENT 
 
AIR TEMPERATURE (°C) 
 
RELATIVE 
HUMIDITY (%) 
ILLUMINATION (LUX) 
 
CO2 CONCENTRATION 
(PPM) 
BACKGROUND NOISE 
dB(A) 
AIR VELOCITY 
(M/S) 
VOICE VOCAL 
EFFORT dB(A) 
Unoccupie
d 
Occupied 
 
Externa
l 
Unocc
upied 
Occu
pied 
Day-
light 
Glob
al 
Unifor
mity 
ratio 
Vertical 
lighting 
levels 
Unoccupi
ed 
Occupied Unoccupie
d 
 
Occupied 
 
Fans 
off 
Fans 
on 
Mean values 
AKTH Min 27.4 26.9  
27.9 
(14:30) 
59.5 68.1 170 229  
U=0.35 
 
 
385 
396 489 35.2 55.0 0.20 0.26  
65.9 
 Max 28.6 28.3 60.8 74.1 1002 1273 439 673 39.6 56.2 0.28 0.86 
Mean 
 
28.0 
(09:45) 
27.2 
(14:45)  
60.2 69.3 631 807 413 545 37.1 55.7 0.22 0.58 
DANDATTI  
 
Min 31.9 29.6  
31.2 
(13:45) 
61.6 68.9 341 783  
U=0.85 
 
 
290 
472 617 46.8 61.2 0.14 0.26  
68.3 
 Max 32.0 29.9 63.7 74.1 602 1117 548 903 49.3 77.6 0.24 0.93 
Mean 
 
32.0 
(14:15) 
29.7 
(10:00) 
62.9 71.3 443 922 516 779 48.3 65.3           0.21 0.68 
FEES  
  
Min 28.4 26.5  
29.1 
(09:30) 
68.0 82.9 380 543  
U=0.56 
 
175 
411 556 41.7 47.0 0.12 0.24  
65.1 
 
Max 28.9 27.3 71.0 86.6 1301 2324 445 727 47.7 58.3 0.19 0.97 
Mean 
 
28.7 
(15:20) 
26.8 
(09:00) 
69.6 83.3 
 
845 976 425 629 43.8 52.0 0.16 0.61 
0.05 
IH UMAR  Min 30.0 34.1  
31.0 
(12:15) 
65.9 66.2 262 679  
U=0.78 
 
 
280 
704 807 50.0 59.7 0.15 0.26  
71.8 
 
Max 31.0 34.9 67.8 74.1 1004 1144 780 1046 54.8 67.1 0.21 0.92 
Mean 30.1 
(11:40) 
34.4 
(13:35) 
66.3 69.1 762 865 742 946 52.6 62.5 0.20 0.65 
MPL Min 28.1 31.0  
32.8 
(15:30) 
71.6 61.4 78 98  
U=0.37 
 
 
68 
602 633 50.0 54.2 0.12 0.28  
73.1 
 
Max 28.5 31.7 74.8 66.5 426 545 807 1028 50.4 62.3 0.21 0.74 
Mean 
 
28.3 
(11:00) 
31.5 
(16:00) 
72.9 64.2 205 262 650 784 50.3 57.1 0.20 0.61 
PHL 
 
Min 24.3 26.4  
29.9 
(12:30) 
68.1 66.7 81 165  
U=0.58 
 
81 
593 654 48.9 59.0 0.12 0.34  
72.2 Max 24.4 28.6 68.8 70.7 221 468 660 884 51.0 60.8 0.17 0.69 
Mean 
 
24.3 
(10:15) 
28.3 
(12:15) 
68.4 68.8 188 286 627 727 50.0 59.7 0.15 0.60 
COMFORT 
STANDARDS’ LIMITS 
AND RANGES 
24.5⁰C-28⁰C Summer 23.3⁰C-25.5⁰C 
winter (ASHRAE-55) 
 
30-60%   
(ASHRAE-55) 
 
300; 500 lx: lecture rm. and lab. 
respectively  (EN-12464) 
1200 ppm for any 
learning environment 
(ASHRAE 62-2004)                                                                                                                                                                                                                                                                              
35-40; 40-45dB(A) for 
lecture rm. and 
laboratory
respectively (WHO 
2006) 
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Table7.3: Measured IEQ Parameters: Second Survey (Jan/Feb, 2017): Winter season 
LEARNING 
ENVIRONMENT 
AIR TEMPERATURE (°C) 
 
RELATIVE 
HUMIDITY (%) 
ILLUMINATION (LUX) 
 
CO2 CONCENTRATION 
(PPM) 
BACKGROUND 
NOISE DB(A) 
AIR VELOCITY 
(M/S) 
VOICE VOCAL 
EFFORT DB(A) 
Unoccu
pied 
Occupied 
 
External Unocc
upied 
Occupi
ed 
Day-
light 
Global 
 
Unifor
mity 
ratio 
Vertical 
lighting 
levels 
Unocc
upied 
Occupied Unocc
upied 
Occupied Fans off Mean values 
AKTH Min 27.1 24.8  
22.8 
(09:45) 
17.6 17.6 241 401  
U=0.33 
 
620 
471 645 40.3 42.2 0.06  
69.7 
Max 27.3 25.9 18.4 19.8 2969 3277 486 659 49.7 58.3 0.09 
Mean 
 
27.2 
(11:45) 
25.3 
(09:30) 
18.1 18.3 
 
1084 1204 481 651 43.8 48.5 0.08 
DANDATTI  
 
Min 25.9 27.9 22.8 
(08:45)   
19.7 16.4 330 578  
U=0.69 
 
510 
525 1086 50.1 61.1 0.06  
76.5 
Max 26.5 28.4 24.5 23.1 1185 1367 568 1296 54.2 70.2 0.10 
Mean 
 
26.2 
(09:45) 
28.2 
(11:45) 
22.0 19.3 629 835 544 1136   51.8 65.3 0.08 
FEES  
  
Min 27.4 28.1 26.4 
(14:30) 
13.0 14.8 213 362  
U=0.34 
 
388 
428 634 38.9 47.6 0.02  
67.3 Max 29.3 29.7 14.7 16.2 1305 2805 495 640 42.8 51.7 0.06 
Mean 
 
28.9 
(11:35) 
29.2 
(13:30) 
13.8 15.5 
 
738 1072 468 636 40.8 50.2 0.04 
0.03 
IH UMAR  Min 30.5 29.7 33.1 
(13:00) 
12.9 14.2 254 520  
U=0.73 
 
426 
508 661 47.7 51.7 0.04  
73.3 Max 30.8 30.6 15.7 17.5 684 979 529 670 55.9 59.1 0.07 
Mean 30.6 
(13:35) 
30.2 
(13:00) 
14.3 15.5 545 716 518 665 51.6 55.3 0.06 
MPL 
 
Min 28.9 30.6 30.3 
(13:30) 
13.9 13.3 62 87  
U=0.37 
 
110 
485 713 48.5 69.9 0.06  
76.0 Max 29.6 30.7 17.4 15.4 237 320 514 744 51.4 75.3 0.08 
Mean 
 
29.3 
(12:30) 
30.6 
(16:30) 
15.4 13.9 196 233 497 720 49.3 72.1 0.07 
PHL Min 24.1 25.4 22.6 
(10:30) 
19.4 17.1 70 166  
U=0.37 
 
150 
373 502 42.0 48.9 0.01  
69.7 Max 24.4 26.8 21.7 20.4 585 1008 455 684 45.4 53.0 0.08 
Mean 24.3 
(10:50) 
26.5 
(11:30) 
20.6 18.8 387 448 406 645 43.6 50.7 0.05 
COMFORT 
STANDARDS’ LIMITS 
AND RANGES 
24.5⁰C-28⁰C Summer 23.3⁰C-
25.5⁰C winter (ASHRAE-55) 
 
30-60%   
(ASHRAE-55) 
 
 300; 500 lx: lecture 
rm. and laboratory 
respectively  (EN-
12464)       
   (U = 0.6) 
1200 ppm for any 
learning environment 
(ASHRAE 62-2004) 
35-40; 40-45dB(A) 
for lecture rm. and 
laboratory  
respectively (WHO 
2006) 
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Table7.4  Measured IEQ Parameters: Third Survey (Apr/May, 2017): Summer season 
LEARNING 
ENVIRONMENT 
 
AIR TEMPERATURE (°C) 
 
RELATIVE 
HUMIDITY (%) 
 ILLUMINATION (LUX) 
 
CO2 CONCENTRATION 
(PPM) 
BACKGROUND 
NOISE DB(A) 
AIR VELOCITY 
(M/S) 
VOICE VOCAL 
EFFORT DB(A) 
Unoccupi
ed 
Occupied 
 
Extern
al 
Unocc
upied 
Occupi
ed 
Day-
light 
Global Uniformi
ty ratio 
Vertical 
lighting 
levels 
Unoccupi
ed 
Occupied 
 
Unocc
upied 
Occupi
ed 
 
Fans 
off 
Fans 
on 
Mean values 
AKTH Min 35.0 35.3  
37.5 
(12:00) 
33.9 35.0 209 337  
U=0.31) 
 
430 
413 556 46.1 51.8 0.11 0.26  
71.9 Max 35.6 35.8 37.6 37.8 2108 2618 501 608 51.7 55.7 0.23 0.84 
Mean 35.3 
(09:00) 
35.6 
(11:45) 
35.2 36.4 885 1043 472 576 49.4 53.2 0.17 0.63 
DANDATTI  
 
Min 35.2 35.4  
37.5 
(12:00) 
43.8 43.5 312 396   
U=0.65 
 
356 
641 759 49.2 53.6 0.16 0.29  
74.9 Max 35.4 35.7 44.9 46.8 932 1180 728 1025 51.5 59.4 0.28 1.05 
Mean 35.3 
(11:00) 
35.5 
(11:45) 
44.3 45.7 520 604 677 907 50.3 56.1 0.24 0.71 
FEES  
  
Min 34.1 34.3   
38.6 
(13:45) 
40.8 41.1 218 304  
U=0.59 
 
308 
526 997 45.3 47.8 0.10 0.26  
68.9 Max 34.5 34.6 43.6 43.8 603 825 793 1128 49.4 55.7 0.21 0.98 
Mean 34.2 
(11:00) 
34.4  
(11:30) 
41.3 41.9 414 512 665 1048 47.0 51.2 0.16 0.65 
IH UMAR  Min 36.3 36.6 38.1 
(14:00) 
17.1 16.3 242 307  
U=0.47 
 
340 
486 618 53.8 55.3 0.11 0.25  
72.3 Max 36.8 36.9 18.0 18.2 1104 1188 516 682 60.2 67.8 0.24 0.94 
Mean 36.5 
(13:00) 
36.8 
(13:40) 
17.4 17.5 597 656 508 646 57.6 61.6 0.18 0.68 
MPL 
 
Min 35.4 35.6  
36.6 
(11:30) 
10.5 11.9 48 91  
U=0.42 
 
75 
620 715 48.0 53.8 0.09 0.27  
72.6 Max 35.5 35.8 12.6 13.9 257 308 658 968 58.0 62.1 0.23 0.78 
Mean 35.5 
(12:20) 
35.7 
(11:40) 
11.2 13.0 105 217 631 864 52.2 57.0 0.19 0.64 
PHL 
 
Min 32.7 33.0  
34.5 
(10:45) 
40.6 43.8 98 162  
U=0.46 
 
85 
463 506 38.2 44.3 0.18 0.31  
69.6 Max 33.1 33.6 43.8 44.9 501 703 508 539 42.4 48.7 0.27 0.73 
Mean 32.9 
(10:30) 
33.3 
(11:00) 
42.5 44.1 275 350 482 510 40.1 46.7 0.22 0.62 
COMFORT 
STANDARDS’ LIMITS 
AND RANGES 
24.5⁰C-28⁰C Summer 23.3⁰C-
25.5⁰C winter (ASHRAE-55) 
 
30-60%   
(ASHRAE-55) 
 
 300; 500 lx: lecture rm. and laboratory 
respectively  (EN-12464) 
1200 ppm for any 
learning environment 
(ASHRAE 62-2004) 
35-40; 40-45dB(A) 
for lecture rm. 
and laboratory 
respectively 
(WHO 2006) 
  
Chapter Seven 
Page 150 of 356 
 
7.4.4 Thermal Comfort Indices  
Thermal performances of the learning environments were determined using the predicted mean vote 
(PMV) and predicted percentage dissatisfied (PPD) and the Adaptive models as well as overheating 
analysis, as laid out in ISO 7730 (ISO (2005), 2005), EN 15251 (CEN, 2007) and TM52 (CIBSE TM52, 
2013) respectively. The NUC’s guide provides some guidance on the temperature limit for Nigeria, 
stating that an extended comfort zone in Nigeria lies between 20 °C and 34 °C with air velocity from 
0.15 m/s to 1.5 m/s (National Universities Commission (NUC), 2004). Operative (Top) and running mean 
(Trm) temperatures were used in arriving at the learning environments’ adaptive thermal performance 
indices. The operative temperature, is derived from the mean radiant (Tmr) and ambient air 
temperatures and air speed, using Equation 7.1. Running mean temperature, on the other hand, is 
used to describe occupant’s memory in an exponentially-weighted relationship to outside air 
temperature and is utilized in the adaptive model calculations. Equation 7.2 was used in the Trm 
calculation (CEN, 2007), following the method described in Nicol and Humphreys (2012).  
Equation 7.1 Operative temperature:       𝑇𝑇𝑜𝑜𝑜𝑜    = 𝑇𝑇𝑟𝑟𝑟𝑟 + �𝑇𝑇𝑎𝑎𝑟𝑟 ∗ √10𝑃𝑃𝑇𝑇�/�1 + √10𝑃𝑃𝑇𝑇�            
Equation 7.2 Running mean temperature: 𝑠𝑠𝑇𝑇𝑟𝑟𝑟𝑟        = (1 −  𝛼𝛼)𝑇𝑇𝑜𝑜𝑜𝑜−1 +  𝛼𝛼𝑠𝑠−1 𝑇𝑇𝑟𝑟𝑟𝑟  
 
Where Top is operative temperature; Tmr is the mean radiant temperature; Tar is the indoor mean 
air temperature on the day of the survey; Va is the indoor air velocity on the day of the survey; 
𝑠𝑠𝑇𝑇𝑟𝑟𝑟𝑟 is the running mean temperature for day n; 𝑠𝑠−1 𝑇𝑇𝑟𝑟𝑟𝑟 is the running mean 
temperature for the previous day; Where 𝑇𝑇𝑜𝑜𝑜𝑜−1 is the daily mean outdoor temperature for the 
previous day;  and α is an empirically derived coefficient which typically takes the value 0.8 (CEN, 
2007). 
 
7.4.4.1 PMV-PPD Model 
PMV and PPD values were calculated using the CBE thermal comfort tool for ASHRAE Standard-55 
(Hoyt Tyler, 2013), although it was criticized by people such as Schiavon et al. (2014) for using an 
unexplained air speed having departed from 7730 convention. The values of Tar, air velocity and 
relative humidity (see Tables 7.2 to 7.4) were used in the calculation of the PMV and PPD.  The Tmr was 
obtained from the logged data, while standard values of metabolic rate for lectures and laboratory 
sessions in the learning environments of 1.2 met, and 1.4 met (ASHRAE (2013), 2013) were used 
respectively and clothing insulation values were obtained from the questionnaires. The calculated 
values are shown in Table 7.5. 
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Table 7.5 Derived Thermal Comfort Indices 
Learning Environments MIDSEASON WINTER SUMMER 
PMV PPD PMV PPD PMV PPD 
AKTH  +0.36  8% +0.38  8% +2.02  78%  
Dandatti  +0.89  22% -0.21 6% +1.03  27%  
FEES  +0.24  6% +1.35 43% +1.56  54%   
I H Umar  +1.28  39% +0.25 6% +1.46  49% 
MPL +1.17  34% +1.42 47% +1.29  40% 
PHL +1.00  26% +0.35 7% +1.11  31% 
ISO and ASHRAE ‘s PMV/PPD Requirements PMV = ± 0.5 PPD = 20% 
 
7.4.2.2. PMV-PPD in the Midseason  
In the mid-season, the highest value of PMV of +1.28 was evaluated in IH Umar. On the other hand, 
the lowest value of +0.24 came from FEES. This trend or hierarchy in performance as usual is also 
shown by the values of PPD. Unlike the results obtained during the summer fieldwork, in the mid-
season two of the learning environments (AKTH and FEES) fulfilled the thermal comfort requirements 
of the PMV model (falling within ±0.5 range), as recommended by ASHRAE 55 and ISO 7730. 
 
7.4.4.3. PMV-PPD in the Winter  
Little departures were witnessed in the winter fieldwork results, the highest values of PMV and PPD 
were +1.42 and 47% respectively found in MPL. However, the PMV and PPD lowest values of -0.21 and 
6% were both found in Dandatti, and the results in AKTH, IH Umar and PHL were found to be within 
the threshold of the ASHRAE 55 thermal comfort model. AKTH had +0.38 and 8% respectively for PMV 
and PPD; IH Umar had +0.25 and 6%, while PHL had +0.35 and 7%. The figures of -0.21 and 6% from 
Dandatti signified a slightly cooler sensation but was within the ASHRAE acceptable range. The PMV 
values of +1.42 and +1.35 recorded respectively in MPL and FEES meant that they were the most 
thermally uncomfortable spaces of the season. Although these values were the highest among the 
season, they were similar to the lowest figures recorded during the summer measurements. This 
proves and reinforces the ASHRAE 55 recommendations that PMV-PPD model is best applied in 
situations where the air temperature is not more than 30.0 oC. 
 
7.4.4.4 PMV-PPD in the Summer  
From the summer fieldwork, the highest PMV and PPD results of +2.02 and 78% respectively were both 
found in AKTH. Similarly, the lowest values during the fieldwork were +1.03 for PMV and 27% for PPD 
and were both realized in Dandatti. Thermal comfort is achieved when PMV falls within the 
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recommended limits of -0.5 < PMV < +0.5, and the ideal PPD should be equal to or below 20%. As 
stated earlier, a PMV value of zero is the most ideal, representing thermal neutrality, but even at this 
thermal neutral zone however, the PPD is not zero, but 5% (ASHRAE (2013), 2013). 
Following the ISO and ASHRAE’s thermal neutrality boundary condition of ±0.5 for PMV in respect of 
80% acceptability limit and 20% PPD, it can therefore be inferred from that, none of the learning 
environments evaluated during the summer fieldwork was thermally comfortable. According to the 
PMV and PPD model therefore, AKTH was the most uncomfortable learning environment during the 
summer, as it had the highest values of both PMV and PPD among all the spaces. The least calculated 
values of the PMV and PPD during the season were recorded in Dandatti, this meant that it was in 
theory the most thermally comfortable learning environment in the season, even though its values of 
PMV and PPD exceeded the predicted comfort thresholds. This is however the verdict of the thermal 
comfort measurements results, it will be compared against occupants’ perception results coming up 
in Section 7.8.4. 
 
7.4.5 Adaptive Thermal Comfort (ATC) Model 
Using the respective values of the weighted running mean and mean outdoor temperatures from the 
learning environments in Table 7.6 and Equations 7.3 and 7.4, for indoor spaces of 80% acceptability 
and Class II (New buildings and renovations for normal expectations) according to ASHRAE 55 and EN 
15251 respectively, the predicted adaptive thermal comfort neutral temperatures and comfort 
temperature ranges in the learning environments were determined. The comfort zones for the ASHRAE 
55 and the EN 15251 are defined by the upper and the lower boundary lines calculated using Equations 
7.3 and 7.4, respectively with variants corresponding to Tmax and Tmin. However, it should be noted that 
both the recommendations of ASHRAE 55 and EN 15251 on adaptive comfort temperature ranges fall 
within the provisions made by the NUC’s guide (20 °C to 34 °C). However, differences occurred 
between the results of the two approaches, whereas values from the EN 15251 Tcomft are always higher. 
Besides the difference in the use of the Trm as against the Tout,mean, the categories of acceptability were 
also different, EN 15251 adopted a temperature range of 6°C  between the maximum (Tmax) and 
minimum (Tmin) and ASHRAE used a range of 7°C . 
Equation 7.3 Comfort temperature (ASHRAE 55): Tcomf   =     0.33Trm + 18.8 (+/-3) 
 
Equation 7.4 Comfort temperature (EN 15251): Tcomf   =     0.31Top + 17.8 (+/-3.5) 
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Table7.6 Operative and Running Mean Temperature 
 
 
Figure 7.3 Scatterplot of the Trm, Tout,mean versus Top relationships for the three 
fieldworks 
 
Table 7.7 EN 15251 and ASHRAE 55 Adaptive Thermal Comfort Temperature Ranges (Class II Acceptability and 80% 
Acceptability) 
Learning 
Environments
/Seasons 
Midseason  Winter  Summer  
ASHRAE 55 
(oC) 
EN 15251 
(oC) 
ASHRAE 55 
(oC) 
EN 15251 
(oC) 
ASHRAE 55 
(oC) 
EN 15251 
(oC) 
AKTH  22.8  – 29.8  24.8  – 30.8  22.2  – 29.2  24.2  – 30.2  25.1  – 32.1  27.8  – 33.8  
Dandatti  23.5  – 30.5  25.3  – 31.3  21.5  –  28.5  23.7  –  29.7  24.0  – 31.0  26.9  – 32.9  
FEES  22.7  – 29.7  24.8  – 30.8  23.4  – 30.4  23.7  – 29.7  24.6  – 31.6  27.2  – 33.2  
I H Umar  23.5  – 30.5  25.9  – 31.9  22.0  – 29.0  24.0  – 30.0  24.9  – 31.9  27.6  – 33.6  
MPL 23.6  – 30.6  24.8  – 30.8  23.5  – 30.5  25.5  – 31.5  24.7  – 31.7  27.8  – 33.8  
PHL 22.9  – 29.9  25.2  – 31.2  21.6  – 28.6   23.8  – 29.8   24.5  – 31.5  26.5  – 32.5  
 
Key 
Below the range Within the range Above the range 
 
 
Learning 
Environments 
Mid-season Winter Summer 
Top  
(oC) 
Trm  
(oC) 
Tout,mean 
(C) 
Top  
(oC) 
Trm  
(oC) 
Tout,mean 
(C) 
Top 
(oC) 
Trm  
(oC) 
Tout,mean 
(C) 
AKTH  27.3 27.4 27.9 25.6 25.4 25.4 34.9 36.5 35.6 
Dandatti  29.8 28.8 29.1 23.1 23.8 23.8 31.3 33.5 36.3 
FEES  27.0 27.6 30.4 29.3 23.8 26.4 33.4 34.4 34.8 
I H Umar  30.4 30.6 31 25.0 24.8 30.8 34.3 35.8 36.8 
MPL 30.0 29.2 32.8 29.3 29.2 30.3 33.6 36.3 35.6 
PHL 27.7 30.2 27.9 23.6 25.4 23.6 33.0 32.4 33.5 
 
3634323028262422
37.5
35.0
32.5
30.0
27.5
25.0
Top
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m
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n
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Variable
Scatterplot of Trm, Tout vs Top
Chapter Seven 
Page 154 of 356 
 
7.4.5.1 ATC in the Midseason  
From Table 7.6 it can be seen that in the mid-season the highest mean values of Top, Trm and Tout,mean 
were 30.4 oC 30.6 oC and 32.8 °C respectively, the former two were both evaluated in IH Umar and the 
latter was recorded in the vicinity of MPL external area. On the other hand, the lowest value of Top was 
27.0 oC in FEES, lowest Trm was 27.4 Co found in AKTH and the lowest Tout,mean was 27.9 °C recorded in 
AKTH. During the season the predicted highest range of the EN 15251 adaptive comfort temperature 
was 25.9 oC to 31.9 oC found in IH Umar, while the lowest range stood at 24.8 oC to 30.8 oC and was 
found in three spaces, AKTH, FEES and MPL. The corresponding highest and lowest neutral 
temperatures evaluated were 28.9 oC and 27.8 oC respectively. The corresponding highest and lowest 
ASHRAE 55 neutral temperatures during the season were 27.1 oC and 26.2 oC recorded in MPL and FEES 
respectively as evaluated from Table 7.7. These were evaluated using Equations 7.3 and 7.4. The 
neutral temperatures are the mid-points of the comfort ranges. 
 
7.4.5.2 ATC in the Winter  
The winter fieldwork results showed that the highest value of Top corresponded to 29.3 oC was recorded 
in two locations (FEES and MPL), while the highest Trm reached 29.2 oC was in MPL only and the highest 
Tout,mean was also recorded in the vicinity of MPL. The Top lowest value of 23.1 oC was recorded in 
Dandatti, while the lowest value of 23.8 oC was found in two spaces, Dandatti and FEES. Similarly Table 
7.7 shows that in the season, the highest EN 15251 predicted comfort temperature range was 25.5 oC 
to 31.5 oC found in MPL, while the lowest range of 23.7 oC to 29.7 oC was recorded in two spaces, FEES 
and Dandatti. Midway between these adaptive thermal comfort temperature ranges lay the neutral 
temperatures, and were respectively 28.5 oC and 26.7 oC for the highest and lowest ranges. The 
corresponding highest and lowest ASHRAE 55 neutral temperatures evaluated during the season stood 
at 27.0 oC and 25.0 oC respectively. 
 
7.4.5.3 ATC in the Summer 
The summer results of the calculated operative (Top) and running mean (Trm) temperatures as well as 
the Tout,mean, were the highest as rightly expected. During the season Top reached as high as 34.9 oC, Trm 
reached 36.5 oC both in AKTH and Tout,mean reached 36.8 °C in IH Umar. The minimum values of Top, Trm 
and Tout,mean as processed, were 31.3 oC, 32.4 oC and 33.5 °C in Dandatti, and the latter two in PHL, see 
Table 7.6 for details. It is also shown that during the season the EN 15251 the adaptive comfort 
temperatures range was 27.8 oC to 33.8 oC and was found in two spaces, AKTH and MPL, while the 
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lowest range of 26.5 oC to 32.5 oC was found in PHL. Similarly, the highest and the lowest recorded 
neutral temperatures, were 30.8 oC and 29.5 oC respectively. The corresponding highest and lowest 
comfort temperatures according to ASHRAE 55 were 28.4 oC and 27.5 oC recorded in AKTH and 
Dandatti respectively. From these figures it can be understood that high temperatures recorded were 
more of a function of outside air temperature rather than something to do with the spaces. 
7.4.5.4 Observations 
Using the calculated values of the Top obtained on the survey days shown in Table 7.6 and comparing 
them with the comfort temperature ranges from Table 7.7, it can be seen in the summer that all the 
spaces had their Top outside the ASHRAE 55 adaptive thermal comfort ranges signifying warm 
sensation, and for EN  15251, all the spaces but Dandatti and MPL were outside the ranges.  However, 
the  Top in AKTH and IH Umar did not fall within the NUC’s guide (20 °C to 34 °C), and for the other four 
spaces the values of their Top fell within this comfort range, meaning that occupants in the four spaces 
ought to be satisfied with their thermal conditions. During the mid-season and the winter, with 
exception of Dandatti and PHL which were cold in the winter, all the spaces had their Top fell within the 
EN 15251 and ASHRAE comfort ranges, this showed that majority of the occupants ought to be 
comfortable in their learning environments during the two seasons.  
According to the EN 15251 predicted adaptive comfort range, only the occupants of MPL would be 
thermally comfortable throughout the three seasons, as their Top fell within the ranges. During the 
summer some spaces were however on the border line, meaning that slightly warm sensations would 
be perceived by the occupants of AKTH (+1.1oC), FEES (+0.2oC), IH Umar (+0.7oC) and PHL (+0.5oC).  
During the winter, also according to EN 15251, the occupants of Dandatti and PHL would slightly 
perceive cold sensations by -0.6oC and -0.2oC respectively.  
 
7.4.6. Models Comparison 
The PMV predictions showed that during the summer all the spaces had warm sensations, all of them 
had values of PMV above the ±0.5 limit. In the mid-season only two spaces could be considered 
comfortable, AKTH and FEES, the rest were all warm. In the winter however, two spaces were warm, 
FEES and MPL, the other four were comfortable. In the case of ASHRAE 55, the facilities were 
comfortable during the mid-season and winter, but were all warm during the summer. While according 
to the EN 15251 adaptive comfort prediction, four facilities (AKTH, FEES, IH Umar and PHL) were found 
to be slightly warm during the summer (red coloured), and two, Dandatti and PHL, were slightly cold 
during the winter (blue coloured), see details in Table 7.8. From the above and in combination with 
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survey results from Section 7.8.4, it indicates that the adaptive model, especially the EN 15251 version, 
is a better predictor of the thermal conditions of naturally ventilated learning environments in 
Northern Nigeria. This is evidently seen above in the number of the learning environments being 
thermally comfortable across the three seasons as compared to the results from the PMV-PPD model. 
However, further  
Table 7.8 PMV and Adaptive models' predictions compared 
  
PMV Model 
Adaptive Model 
ASHRAE 55 EN 15251 
 
AKTH 
Mid-season Comfortable Comfortable Comfortable 
Winter Comfortable Comfortable Comfortable 
Summer Warm Warm Warm 
 
Dandatti 
Mid-season Warm Comfortable Comfortable 
Winter Comfortable Comfortable Cold 
Summer Warm Warm Comfortable 
 
FEES 
Mid-season Comfortable Comfortable Comfortable 
Winter Warm Comfortable Comfortable 
Summer Warm Warm Warm 
 
IH Umar 
Mid-season Warm Comfortable Comfortable 
Winter Comfortable Comfortable Comfortable 
Summer Warm Warm Warm 
 
MPL 
Mid-season Warm Comfortable Comfortable 
Winter Warm Comfortable Comfortable 
Summer Warm Warm Comfortable 
 
PHL 
Mid-season Warm Comfortable Comfortable 
Winter Comfortable Comfortable Cold 
Summer Warm Warm Warm 
 
 
7.4.7 Overheating Analysis 
Analyzing level of indoor overheating is important, in the sense that it is used to predict the level of 
risks to health of occupants, and ultimately provides information to designers, developers, owners and 
facility managers for the improvement of their buildings. According to CIBSE Technical Memorandum 
number 52 (TM52), one of the criteria for a space to be overheated is when its operative temperature 
during the occupied hours exceeds a threshold comfort temperature (CIBSE TM52 (2013), 2013). TM52 
offers a pass mark to any indoor space that meets any two of the following three criteria: 
• Threshold comfort temperature should not be exceeded by more than 3% of the occupied 
hours per year; 
• Daily weighted exceedance shall be less than or equal to six degree hours in any given day; 
• Sets an absolute maximum temperature of Tmax + 4 °C for a space, called Tupp, beyond which 
the level of overheating is unacceptable. 
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The study used the above criteria and the logged data in evaluating the level of overheating in the 
selected learning environments of Bayero University Kano. The learning spaces were examined 
individually and the results of their successes or failures were determined in relation to the TM52 
criteria, using the charts in Figures 7.4 to 7.6.  
Temperature time series revealing the levels of deviation from the neutral in the six learning 
environments for the entire length of the surveys are displayed in Figures 7.4. Measured internal air 
(Tar-in), mean radiant (Tmr) and external air (Tex) temperatures are shown. Furthermore, derived values 
of the running mean (Trm) and neutral (Tn) temperatures are indicated together with upper (Tmax) and 
lower (Tmin) boundaries of the comfort zone, so also is the upper temperature with fan(Tmax-fan).  The 
yellow bands in the figures indicate the periods of the fieldworks.  
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a = AKTH 
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b = Dandatti 
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c = FEES 
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d = IH Umar 
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e = MPL 
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f = PHL 
Figure 7.4 Temperature time series in the learning environments 
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7.4.7.1 First TM52 Criteria 
The first TM52 criterion states that threshold temperature should not be exceeded by more than 3% 
of occupied hours per year. This was determined by calculating the degree hour’s exceedances in all 
the spaces for the combined periods of the fieldworks. Figure 7.5 presents charts for the degree hour’s 
exceedances in the learning spaces for the working hours. They indicate the number of times the 
internal temperatures in the learning environments exceeded the values of Tmax and Tmax-fan for the 
period. Tmax-fan is a derived new Tmax as a result of the introduction of moderate air speed from ceiling 
fans, which assists in rising the Tmax by some 2°C. The y-axis is the deviation from the Tn (neutral 
temperature), which is denoted by “T=0”, while “T=-3”, “T=+3” and “T=+5”, are the Tmin, Tmax and Tmax-
fan, respectively. The x-axis shows the percentage exceedance. Introducing T=+5 (Tmax- fan) led to 
reduction in overheating by 31%, 25%, 22%, 31%, 19% and 12% in AKTH, Dandatti, FEES, IH Umar, MPL 
and PHL learning spaces respectively. Table 7.9 shows the levels of overheating in the learning spaces. 
Although this confirms that introducing ceiling fans in similar spaces can improve the thermal qualities 
of naturally ventilated indoor spaces, it also shows that all the spaces except MPL failed the TM52 first 
requirement, having exceeded the 3% limit.  
 
Table 7.9 Levels of overheating in the learning spaces 
Learning Environments Levels of overheating (%) 
No fan (%) With fan (%) 
AKTH 46 (31) 15 
Dandatti 40 (25) 15 
FEES 32 (22) 10 
I H Umar 41 (31) 10 
MPL 22 (19) 3 
PHL 16 (12) 4 
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a = AKTH 
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c = FEES 
 
 
 
d = IH Umar 
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e = MPL 
 
 
 
f = PHL 
Figure 7.5 Degree hour’s exceedances 
2%, 78% 97% 100%
-8
-6
-4
-2
0
2
4
6
8
10
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
De
gr
ee
 d
ev
ia
tio
n 
fr
om
 n
eu
tr
al
Percentage degree hours exceedances
Tmin Tmax Tmax-fan Tn+4k
100%4% 84% 96%
-8
-6
-4
-2
0
2
4
6
8
10
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
De
gr
ee
 d
ev
ia
tio
n 
fr
om
 n
eu
tr
al
Percentage exceedance
Tn+4k Tmax Tmin Tmax-fan
Chapter Seven 
Page 168 of 356 
 
 
7.4.7.2 Second TM52 Criteria 
The second TM52 criterion states that daily weighted (degree hours) exceedances shall be less than or 
equal to six degree hours in any given day. It indicates the severity of overheating, and is evaluated by 
multiplying the deviation from the operative temperature by the time it deviates.  
The charts in Figure 7.6 show the percentages of daily weighted (degree hours) exceedances in the 
learning environments as calculated using the logged data over the 10 months period. The Y-axis 
indicates the number of degree hours exceedances, while X-axis shows the fraction of days the 
particular value of degree hours are exceeded. Four lines are shown in each chart, the continuous red 
line is the overheating curve above the Tmax, while the red-dotted one shows overheating above Tmax-
fan. The blue line shows the possibility of overcooling in the spaces, while the “T = +6”, shows the degree 
hours exceedance line, above which overheating record are calculated. Accordingly, all the spaces 
were found to have failed this test also. In AKTH the percentage of daily weighted (degree hours) 
exceedance recorded was 25%, this was closely followed by 22% recorded from IH Umar. The least 
percentage daily exceedance of 7% was recorded in PHL and this was followed by 7% from MPL. The 
percentages of daily exceedance in Dandatti and FEES were found in between the highest and the least 
values, 21% and 15% were arrived at respectively.  
Table 7.10 Levels of overheating/overcooling in the learning spaces 
Learning 
Environments 
Levels of overheating/overcooling (%) 
Above comfort 
temperature (%) 
Above comfort 
temperature with fan (%) 
Below comfort 
temperature (%) 
AKTH  25 5 0 
Dandatti  21 7 2 
FEES  15 4 3 
I H Umar  22 0 1 
MPL 7 1 1 
PHL 7 4 5 
 
 
The introduction of ceiling fans enhanced the thermal qualities of many of the spaces, for example, IH 
Umar had no overheating as a result of fan utilization. Interestingly less than 5% levels of overcooling 
were recorded in all the spaces. Details are shown in Table 7.10 above. 
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a = AKTH  b = Dandatti 
 
c = FEES  
d = IH Umar 
 
e= MPL 
 
f = PHL 
 
Figure 7.6 Percentages of daily weighted (degree hours) exceedances in the spaces 
 
 
7.4.7.3 Third TM52 Criteria 
The third criterion sets out an absolute maximum temperature value of Tmax + 4 °C for any space, which 
is labelled as Tupp, beyond which the level of overheating is unacceptable. The charts in Figure 7.4 
showing the exceedances were used in evaluating this criterion. Using the running mean temperature 
as an indicator, it can be seen from the charts that, in more than half of the period Trm was within the 
modified comfort zone in the learning environments. The charts indicated that only two spaces, MPL 
and PHL (which happened to be the laboratories), were able to record a 0% overheating, as clearly 
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shown by the Tupp in the charts, and the remaining four spaces, which happened to be the theatres, 
failed the TM52 third test based on Tmax + 4 oC. 
 
7.5 Visual Comfort Variables  
The visual performances of the learning environments were determined by obtaining the median 
values of the measured lighting levels from nine locations in each space for both daylight and the 
combined artificial and daylight together (global). Similarly uniformity ratio values were calculated 
between the minimum and mean illuminances in the spaces (CEN, 2011). The two, lighting levels and 
uniformity ratio were the measured/calculated indicators used to define the quantity and the spatial 
distribution respectively of the lighting conditions in the learning environments. The higher the lighting 
levels and uniformity ratios the better the visual quality of a space. Table 7.11 shows the median values 
of the daylight and global lighting levels as well as the uniformity ratios measured in the learning 
environments. 
 
Table 7.11 Median Daylight and Global lighting levels and Uniformity ratios in the Spaces 
 Midseason Survey  Winter Survey  Summer Survey  
 Daylight 
(lux) 
Global 
(lux) 
Uniformity 
ratio 
Daylight 
(lux) 
Global 
(lux) 
Uniformity Daylight 
(lux) 
Global 
(lux) 
Uniformity 
AKTH 731  807  0.35 1084  1204  0.33 885  1043  0.32 
Dandatti 643  922  0.85 629  835  0.69 580  604  0.69 
FEES 845  976 0.56 838  1072  0.34 454  512  0.59 
I H Umar 762  865  0.78 545  716  0.73 597  656  0.47 
MPL 235  262  0.37 196  233  0.37 105  217  0.42 
PHL 188  286 0.58 187 448  0.37 275  350 0.46 
 
The EN 12464 standard specifies 300 lux as the minimum lighting requirements in classrooms, and 500 
lux for lecture theatres and teaching laboratories (EN 12464-1:2011, 2011). It also recommends a 
uniformity ratio (Uo) of 0.6 in classrooms, lecture theatres and laboratories. The National Building Code 
(NBC) specifies an average indoor horizontal illumination level of 64.58 lux for educational buildings 
(National Building Code (NBC), 2006). However, the National Universities Commission’s Procedure 
Guide and Physical Development Manual recommends more reasonable levels of illumination as 
follows: for lecture rooms and theatres from 120 to 250 lux, for laboratories from 250 to 500 lux, for 
libraries from 250 to 500 lux, and for drawing studio from 600 to 1000 lux (National Universities 
Commission (NUC), 2004). None of the two Nigerian codes provide guidance for uniformity ratios. 
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The median daylight and global illuminances (E) recorded in the four lecture theatres across the three 
seasons met the standards’ limits for EN 12464 and the two codes from Nigeria, having exceeded the 
300 lux threshold. However none of the laboratories was able to satisfy the recommended value of 
500 lux set by the EN 12464 standard, but they met the Nigerian codes’ thresholds in Midseason. The 
highest median lux was recorded in AKTH in the winter and the summer measurements, while in the 
midseason FEES had the highest. The lowest median lux were recorded in MPL across the three 
seasons.  
For lighting distribution, uniformity ratios were used, Dandatti theatre had the highest ratios in mid-
season and summer measurements, with 0.85 and 0.69 respectively, while in winter IH Umar topped 
the list with 0.73. It can therefore be seen that the uniformity ratios in Dandatti met the EN 12464 
threshold in all the seasons, and IH Umar complied in two seasons, it had 0.47 in the summer. The 
lowest ratios recorded (below 0.43) were found in AKTH and MPL across the three seasons. This is not 
surprising, as AKTH has wide and long windows towards its front on its southern and northern sides 
(WWR: 27% and 27% respectively), which made it possible for the daylight to contribute the most 
illuminance (over 80%) to its global lighting levels in all the three seasons. Similarly, the uniformity 
ratios in MPL were low because it has low windows, external shading devices and high furniture 
indoors. Generally it is notable that the lowest quantity and quality of the lighting levels were recorded 
in the laboratories. Figures 7.7 to 7.12 show the distribution of the global lighting levels in the learning 
spaces across all the three surveys. 
   
Figure 7.7 AKTH global lighting distribution (August, January and April, respectively) 
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Figure 7.8 Dandatti global lighting distribution (August, January and April, respectively) 
Figure 7.8  
   
Figure 7.9 FEES global lighting distribution (August, January and April, respectively) 
 
   
Figure 7.10 I H Umar global lighting distribution (August, January and April, respectively) 
   
Figure 7.11 MPL global lighting distribution (August, January and April, respectively) 
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Figure 7.12 PHL global lighting distribution (August, January and April, respectively) 
 
Externally data for daylight from three locations were measured, in one location per campus using the 
available light data loggers, however, the instruments were set up under roof shades. Table 7.12 shows 
the maximum, median and the standard deviations of the logged lighting values recorded.  Although 
the loggers were all set up under roof shades, yet the values from the New Campus were generally 
higher than those in the other campuses.  The logged lighting levels from AKTH were the lowest, which 
may be as a result of the length of the roof overhang under which the logger was set up. Figures 7.13 
to 7.15 show the relationship between externally sheltered and internal lighting levels in three learning 
spaces, one from each campus. The figures show the logged lighting levels for all the three seasons. 
 
Table 7.12 Showing maximum and mean logged externally shaded lighting levels 
 New campus Old campus AKTH 
 Midseason Winter Summer Midseason Winter Summer Midseason Winter Summer 
Maximum (lux) 17,911 19,120 18,156 15,845 18,604 19,289 13,105 13,403 11,715 
Median (lux) 10,262 10,351 8,653 8,707 8,762 9,007 4,698 4,857 4,586 
Standard dev. 5,936 6,683 4,638 5,679 6,032 6,119 3,350 3,288  2,915 
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Figure 7.13 Relationship between External and Internal Lighting Levels in Dandatti 
(New campus)  
 
Figure 7.14 Relationship between External and Internal Lighting Levels in MPL (Old 
campus) 
 
 
Figure 7.15 Relationship between External and Internal Lighting Levels in AKTH 
(Teaching Hospital) 
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Figure 7.16 shows the levels of externally sheltered lighting recorded across the three campuses of the 
university. The charts are superimposed to coincide with the same dates and times of the 
measurements. Variations in the levels might have arisen as a result of the characteristics and 
conditions of the locations the loggers were set up. At the New campus where the highest values were 
recorded, the logger was set up under a roof overhang of a second floor building which faces east. In 
the Teaching hospital where the lowest levels were recorded, the logger was set up in the theatre’s 
courtyard under a wide concrete roof gutter. 
 
Figure 7.16 External lighting levels (Lux) across the campuses 
 
7.6 Acoustic Quality Variables 
Instrumentally the acoustic qualities of the learning environments were evaluated by analyzing the 
levels of background noise in them, the signal-to-noise levels (S-N) and reverberation times and 
compared them with standards’ thresholds. Table 7.13 contains the logarithmic means of the 
measured background noise levels and the sound pressure levels from the voice level of the teacher 
in the learning environments during the unoccupied situations. The S-N, on the other hand, is the 
difference between the logarithmic means of the background noise and the equivalent sound pressure 
levels (SPL) from a speaker (teacher) measured at various distances away from them. In this study, the 
SPL measurements were made from three positions: approximately at one meter away from the 
speaker, then in the middle of each learning environment and finally at the rear, and then calculated 
their logarithmic average (ANC, 2011). The background noise levels were the measured values 
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conducted during the unoccupied conditions, these were measured from five locations in each space 
and their logarithmic averages calculated.  
The World Health Organization (WHO) and Building Bulletin 93 recommend that the unoccupied 
background noise levels in classroom and laboratory should be equal to or less than 40 dB(A) and 45 
dB(A) respectively (Building Bulletin (BB 93), 2003; W. H. O. WHO, 1999). The NBC provides a maximum 
daily noise exposure limit of 85 dB(A) (National Building Code (NBC), 2006). While the NUC’s guide 
provides the followings noise limits: for lecture rooms and libraries from 35 dB(A) to 40 dB(A), for 
lecture theatre from 30 dB(A) to 40 dB(A) and for laboratories from 45 dB(A) to 50 dB(A) (National 
Universities Commission (NUC), 2004).  
 
Table 7.13 Logarithmic Mean Values of Background Noise, Sound Pressure and Signal-to-Noise levels of the Spaces 
 Midseason Survey  Winter Survey  Summer Survey  
 Unoccupied 
Background 
Noise dB(A) 
Sound 
Pressur
e dB(A) 
Signal to 
Noise Level 
dB(A) 
Unoccupied 
Background 
Noise dB(A) 
Sound 
Pressur
e dB(A) 
Signal to 
Noise Level 
dB(A) 
Unoccupied 
Background 
Noise dB(A) 
Sound 
Pressure 
dB(A) 
Signal to 
Noise Level 
dB(A) 
AKTH 37.1 65.9 14.4 43.8 69.7 13.3 49.4 71.9 12.5 
Dandatti 48.3 68.9 12.3 51.8 76.5 12.6 50.3 74.9 12.6 
FEES 43.8 65.1 12.7 40.8 67.3 13.6 47.0 68.9 12.6 
IH Umar 52.6 71.8 12.0 51.6 73.3 12.3 57.6 72.3 11.4 
MPL 50.3 73.1 12.5 49.3 76.0 13.0 52.2 72.6 12.1 
PHL 50.0 72.2 12.4 43.6 69.7 13.3 40.1 69.6 14.1 
 
 
The Association of Noise Consultants recommends that a minimum of 10 dB(A) signal-to-noise level 
should be obtained between the background noise and equivalent sound pressure levels (ANC, 2011), 
for effective speech intelligibility in an indoor environment. Similarly, the recommended reverberation 
times (RT) for learning spaces with occupancy level higher than 50 people should not exceed 1.0 
second, while the reverberation time limit in those with less than 50 occupants is 0.8 seconds and 
lower (Building Bulletin (BB 93), 2003). None of the two Nigerian standards gave any guidance on the 
levels of signal-to-noise levels or reverberation times. 
Reverberation time is defined as the length of time required for a sound to decay by 60 decibels (RT60) 
from its initial level (ISO (3382), 1997). The RT was evaluated with the help of an Optimus Red sound 
meter and burst balloons in each learning environments. RT20 and RT30 were the measures for the 
sound to decay by 20 dB or 30 dB respectively. The reading was then extrapolated to a decay time of 
60 dB. Thus the reverberation time RT60 is calculated in two ways; using T20, the time it took the 
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sound to decay by 20 dB and is then multiplied by 3, secondly, using T30, the time it took the sound to 
decay by 30 dB and is multiplied by 2 (Greene, n.d.). 
The RT measurements and derivations were conducted in the winter and summer seasons only due to 
malfunction of the instrument. The results of the measured RT and its extrapolations are shown in 
Table 7.14 and the charts in Figure 7.17.  
 
  
 
a = AKTH 
 
 
 b = Dandatti 
 
 
c = FEES 
 
 d = IH Umar 
 
e = MPL                                        f = PHL 
Figure 7.17 Reverberation times (RT20 and RT30) in the learning environments (B and C were measured in 
the summer, the rest were in the winter) 
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Table 7.14 Reverberation times in the learning environments 
 T20 
(Seconds) 
T30 
(Seconds) 
T60 
(Seconds) 
Season of 
measurement 
AKTH 0.84 1.34 2.52 – 2.68 Winter 
Dandatti 0.10 0.18 0.30 – 0.36 Summer 
FEES 0.06 0.13 0.18 – 0.26 Summer 
IH Umar 0.16 - 0.48 Winter 
MPL 0.50 0.86 1.50 – 1.72 Winter 
PHL 0.50 0.76 1.50 – 1.52 Winter 
 
 
 
7.6.1 Acoustic Results in Midseason 
It can be seen from Table 7.13 that during the mid-season survey, the highest mean of the unoccupied 
background noise level with fans off, was 52.6 dB(A) recorded in IH Umar, while the lowest mean of 
37.1 dB(A) was measured in AKTH. Nonetheless, only AKTH complied with the WHO and NUC 
background noise level requirements of 40.0 dB(A) and 50 dB(A) respectively. The difference between 
background noise and the sound pressure levels (signal-to-noise level) in AKTH was 14.4 dB(A). The 
second lowest in background noise level was FEES, with 43.8 dB(A) and had a signal-to-noise level of 
12.7 dB(A). None of the laboratories made it under the WHO criterion but complied with the NUC’s 
threshold of 50 dB(A). However, as for the minimum difference of 10 dB signal-to-noise levels 
recommended by ANC, all the spaces were qualified. RT instrument was not available during this 
season, so reverberation time was not measured. 
 
7.6.2 Acoustic Results in the Winter  
Table 7.13 shows that during the winter season the background noise levels were relatively lower than 
those in the other seasons. This could be explained by the fact that windows were closed and fans 
were not in operation in this period. Three spaces were close to meeting the WHO and NUC 
requirements, AKTH with 43.8 dB(A), FEES had 40.8 dB(A) and PHL had 43.6 dB(A). Additionally the 
signal-to-noise levels of all the learning environments in this season exceeded the 10 dB(A) ANC’s limit. 
However, the two laboratories met only the NUC’s 50 dB(A) limit background noise level. Four spaces 
were measured for RT in this season, AKTH, IH Umar, MPL and PHL, all of them were designed for more 
than 50 people, with exception of PHL, therefore the RT in the first three spaces should not exceed 1.0 
second, as recommended by ANC, in this case only IH Umar complied, although its volume is less than 
that of AKTH. 
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Interestingly both AKTH and PHL, which met the year round background noise requirements, are 
located at the Teaching Hospital campus of the university. Though the campus is within one of the 
busiest locations in Kano, the two buildings are remotely located in the campus and are buffered away 
from the city noise with trees and they had lower human and vehicular traffic. Similarly, FEES, which 
also had relatively good acoustic qualities as shown above, is also sited deep into the new campus of 
the university, away from human and vehicular traffic. IH Umar and MPL, on the other hand, are 
located in the old campus along one of the busiest roads in the campus and are not far away from the 
students’ housing car parking area. Although Dandatti too had not met the background noise 
requirement in all the seasons, it exhibited a better acoustic quality than IH Umar. Both theatres are 
sited in high students’ zones in both campuses, but IH Umar is much more nearer to a busy campus 
road than Dandatti.  
7.6.3 Acoustic Results in the Summer  
From Table 7.13 the mean unoccupied background noise levels in all the lecture theatres and MPL are 
seen to have exceeded the WHO and NUC’s thresholds during the season, the highest recorded level 
of 57.6 dB(A) came from IH Umar. The only background noise level found within the WHO limit and 
also met the NUC’s was from PHL, which was 40.1 dB(A). Furthermore, PHL had the highest difference 
between its unoccupied background noise and the sound pressure level, reaching up to 14.1 dB(A). 
Comparing the signal-to-noise levels with the ANC’s limit of 10 dB(A), it can be concluded that speech 
in all the learning environments was intelligible, because the differences were all above the ANC’s 
target. In terms of RT, only two spaces happened to be measured, Dandatti and FEES, and their 
capacities are over 50 people, so their RT should be 1.0 second or less. It was found that both of them 
complied with the ANC RT criteria. 
From the foregoing therefore, it can be deciphered that the best instrumentally acoustical spaces in 
relation the standards’ thresholds all the year round were the AKTH, FEES and PHL. They had the least 
background noise levels and the highest signal-to-noise levels.  
7.7. Indoor Air Qualities (IAQ)  
Two parameters were used in determining the indoor air quality (IAQ) of the learning environments 
during the surveys; carbon dioxide (CO2) concentration and particulate matter (PM). According to 
ASHRAE 62-2004 a threshold of 1200 parts per million (ppm) in any indoor learning environment 
should be the upper limit for concern, while CIBSE Guide  A recommends a limit of 1000 ppm (ASHRAE 
(2016), 2016; CIBSE Guide A, 2015). None of the two Nigerian codes provides any guidance on CO2 
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concentration, however the NUC guide states that air changes per hour in lecture rooms should be 10 
to 15 times. Table 7.15 shows the average values of CO2 concentrations in the learning environments 
measured during the fieldworks.  
 
Table 7.15 Occupied and Unoccupied CO2 concentration levels 
 Midseason Survey  Winter Survey  Summer Survey  
 Occupied-Parts 
Per Million 
(ppm) 
Unoccupied-
Parts Per Million 
(ppm) 
Occupied-Parts 
Per Million 
(ppm) 
Unoccupied-
Parts Per Million 
(ppm) 
Occupied-Parts 
Per Million 
(ppm) 
Unoccupied-
Parts Per Million 
(ppm) 
AKTH 545 413 651 481 576 472 
Dandatti 779 516 1,136 544 907 677 
FEES 629 425 636 468 1,048 665 
I H Umar 946 742 665 518 646 508 
MPL 784 650 720 497 864 631 
PHL 727 627 645 406 510 482 
 
 
 
7.7.1 IAQ in Midseason 
All the occupied CO2 concentrations recorded in the learning environments in the mid-season were 
within the ASHRAE 62 threshold of 1,200 ppm, this is in spite of the fact that the occupancy levels in 
this season were the highest among the three seasons (refer to Table 7.15).  In the same vein, the 
spaces all succeeded in passing the CIBSE Guide-A test of 1000 ppm. The highest occupied average of 
946 ppm was found in IH Umar and the minimum of 545 ppm came from AKTH, and these two had the 
highest and lowest occupancy per m3 respectively in the season. 
 
7.7.2 IAQ in the Winter  
The winter season witnessed the highest occupied CO2 concentrations among the three seasons, with 
Dandatti having the highest average concentration of 1136 ppm, this exceeded the CIBSE Guide A limit 
and was at the boarder of the ASHRAE 62 threshold. This could be as a result of the infrequent opening 
of doors and windows during the season and was not attributed to the level of occupancy, as in that 
respect it was third among the spaces. The lowest average occupied CO2 concentrations of 636 ppm 
was recorded in FEES, perhaps because it was observed that its doors were left open irrespective of 
the seasons. 
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7.7.3 IAQ in the Summer  
The average occupied CO2 concentrations levels in all the six learning environments in this season 
happened to fall below the ASHRAE 62 threshold, as shown in Table 7.15 above. However, the CO2 
concentrations of 1048 ppm in FEES violated the CIBSE Guide A limit of 1000 ppm. Similarly a high 
average of CO2 concentration approaching the CIBSE limit occurred in Dandatti, where 907 ppm was 
recorded. However, pooling the seasons together, the lowest occupied CO2 concentrations of 510 and 
576 ppm were recorded in PHL and AKTH, respectively. These two spaces as mentioned above are sited 
in the greenest location in the Teaching Hospital. 
 
7.7.4 Particulate Matter (PM) 
Particulate matter (PM) of sizes 2.5 µm and 10 µm were measured in the learning environments during 
the summer and mid-season surveys only, the results shown in Table 7.16. During the winter season 
Kano and many cities in Northern Nigeria witness the flow of Sahara dust with accompanying low 
temperatures, the dust aspect was not captured as a result of the instrument malfunction. It is also 
noteworthy that 2.5 µm and all values below 10 µm are combined to form the Total Suspended 
Particulate (TSP) of 10 µm, however, only the absolute values of 2.5 µm and 10 µm were recorded due 
to instrument limitation. Therefore fractional analysis was not possible because the values of the 
intermediate particulates were not available. Secondly, the summer figures were single spot values for 
each learning environment, while the mid-season figures were averaged spot values from five locations 
in the spaces. Furthermore, the ratio of PM2.5 to PM10 depends on the sources of particulate emission, 
which could be different from season to season. During the mid-season the occurrence of rainfall 
greatly reduces these emissions. The US Environmental Protection Agency (EPA) recommends a 24-
hour average of PM10 and PM2.5 limits of 150 μg/m3 and 35 µg/m3 (L. Smith, 2015). A comparison was 
not possible between the standard’s threshold and the measured values here, this is because the 
results were only spot figures and the instrument used was a particle counter and could therefore not 
give volumetric figures.  
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Table 7.16 Measured Particulate Matter (PM2.5 and PM10) 
Learning 
Environments/Seasons 
Midseason (mean values) Summer (absolute values)   
PM2.5 (µg) PM10 (µg) PM2.5 (µg)   PM10 (µg) 
AKTH  140 21 711 80 
Dandatti  330 59 1,670 235 
FEES  90 9 1,330 178 
IH Umar  134 24 2,622   421 
MPL 222 48 2,167 306 
PHL 150 25 387 50 
 
 
7.7.4.1 PM in Mid-season  
In the mid- season, the highest concentration of PM2.5 was found in Dandatti, which had a value of 330 
µg, and was closely followed by concentrations in MPL with 222 µg. On the other hand, the lowest 
PM2.5 concentrations in the season were found in FEES and I H Umar, which stood at 90 µg and 134 µg 
respectively. Similarly, the highest PM10 concentrations of 59 µg and 48 µg were respectively recorded 
in Dandatti and MPL, and the lowest values of 9 µg and 21 µg were recorded in FEES and AKTH 
respectively.  
7.7.4.2 PM in the Summer  
From Table 7.13 above, in the summer the highest particulate matter concentrations were recorded 
in IH Umar where PM2.5 reached up to 2,622 µg. This was closely followed by the concentrations in MPL 
where 2,167 µg was recorded. Minimum concentrations of PM2.5 were recorded in PHL and AKTH, 
where they stood at 387 µg and 711 µg respectively. Similarly, the highest mean concentrations of 
PM10, were on the other hand recorded in IH Umar and MPL, reaching 421 µg and 306 µg respectively. 
The lowest was however recorded in PHL with a value of 50 µg. The situation of the locations of the 
AKTH and PHL and perhaps the enclosed condition of PHL helped in providing shelter against the 
particulate matter in both seasons. 
 
7.8 Survey (Questionnaire) Results 
A detailed narrative of the survey instruments (questionnaire) was described in Section 4.7, and it is 
summarized below. The four IEQ parameter indicators measured physically were reduced into 
questions with multiple answers from which the occupants responded. Some answers to the questions 
were on dichotomous scale and many others were on a seven point Likert type scale. Arrangements 
were concluded with heads of each department that uses the selected facility for the conduct of the 
survey with the help of the teaching and support staff. The contents were explained to the participants 
and their consents sought, and were clearly informed that participation was voluntary. 
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The surveys were conducted simultaneously with the physical monitoring exercises. As mentioned 
earlier, the three surveys were conducted in the mid-season, the winter and the summer. The surveys 
were sometimes held in the mornings and others in the afternoon, as the situation permitted.  
Table 7.17 Total Number of Participants in the Surveys 
 
Surveys/Spaces 
Midseason 
(22/08 - 
03/09/2016) 
Winter 
(29/01 - 
25/02/2017) 
Summer 
(20/04 – 
03/052017) 
 
Space total 
 No. Time No. Time No. Time  
AKTH 42 14:45 38 09:30 45 11:45 125 
Dandatti 129 10:00 100 11:45 90 11:45 319 
FEES 117 09:00 123 13:30 95 11:30 335 
IH Umar 134 13:35 127 13:00 95 13:40 356 
MPL 86 16:00 52 16:30 49 11:40 187 
PHL 19 12:15 20 11:30 21 11:00 60 
Survey total 527  460  395  1,382 
 
A total of 1382 students and 9 staff participated in the surveys, and in tune with the dominance of 
male gender and young age participation in higher education in Northern Nigeria 33% of them were 
female and 85% were 25 years and below. The breakdown of the participants and their characteristics 
in each fieldwork are shown in Tables 7.17 to 7.21 and Figure 7.18. From the tables and the figure, it 
is shown that more participants responded in the mid-season survey than in the others, in which 38% 
of the total responded, and the least responses of 29% were received in the summer survey.  
 
a = Percentage of participants by survey 
 
                  b = Percentage of participants by learning environment  
Figure 7.18 Percentages of the participants to the surveys 
 
 
Generally the least participants were recorded in the Teaching hospital campus (pink coloured: AKTH 
and PHL), 13% of them were recorded there. Similarly due to the length of medical courses offered at 
the faculties in the Teaching hospital, majority of the participants were 25 years and over. The New 
campus of the University houses the most faculties with high admission volume, therefore it is not 
surprising that more participants were recorded from it, 47% came from that campus (gold coloured: 
Chapter Seven 
Page 184 of 356 
 
Dandatti and FEES). On the other hand, the selected learning facilities in the Old campus (blue 
coloured) are being used for lower level teaching, therefore a higher percentage of the participants 
below the age of 20 came from there, the campus contributed over 60% of the under 20 participants. 
Copies of the questionnaire are shown in Appendices 3 and 4. 
 
Table 7.18 Characteristics of the participants in all the surveys 
 Midseason Winter Summer All surveys 
Participants 527 460 395 1382 
Students 522 457 394 1373 
Staff 5 3 1 9 
Male 332 299 286 917 
Female 195 160 107 462 
Age 
 
U 20 yrs 195 179 104 478 
21-25 yrs 282 189 231 702 
26-30 yrs 41 71 49 161 
O 30 yrs 9 20 7 36 
Hours spent 
per week 
U 5 hrs 241 179 164 584 
6-9 hrs 89 144 113 346 
O 9 hrs 196 136 117 449 
 
Table 7.19 Spatial characteristics of the participants during the midseason survey 
Mid-season AKTH Dandatti FEES IH Umar MPL PHL Total  
Participants 42 129 117 134 86 19 527 
Students 42 129 117 134 83 17 522 
Staff 0 0 0 0 3 2 5 
Male 30 118 91 37 47 9 332 
Female 12 11 26 97 39 10 195 
Age 
 
U 20 yrs 2 37 33 67 56 0 195 
21-25 yrs 37 82 66 59 23 15 282 
26-30 yrs 3 10 13 6 6 3 41 
O 30 yrs 0 0 5 2 1 1 9 
Hours 
spent per 
week 
U 5 hrs 7 29 67 55 71 12 241 
6-9 hrs 2 21 28 31 3 4 89 
O 9 hrs 33 78 22 48 12 3 196 
 
Table 7.20 Spatial characteristics of the participants during the winter survey 
Winter AKTH Dandatti FEES IH Umar MPL PHL Total 
Participants  38 100 123 127 52 20 460 
Students 38 100 123 126 50 20 457 
Staff  0 0 0 1 2  0 3 
Male 28 94 91 45 27 15 300 
Female 10 6 32 82 25 5 160 
Age 
 
U 20 yrs 0 39 17 90 33 0 179 
21-25 yrs 14 53 60 32 15 15 189 
26-30 yrs 24 6 30 5 3 3 71 
O 30 yrs 0 1 16 0 1 2 20 
Hours 
spent per 
week 
U 5 hrs 17 14 53 49 37 9 179 
6-9 hrs 9 39 48 36 6 6 144 
O 9 hrs 12 47 22 42 8 5 136 
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Table 7.21 Spatial characteristics of the participants during the summer survey 
Summer AKTH Dandatti FEES IH Umar MPL PHL Total 
Participants  45 90 95 95 49 21 395 
Students 45 90 95 95 48 21 394 
Staff 0 0 0 0 1 0 1 
Male 26 85 78 62 21 14 286 
Female 19 5 17 31 28 7 107 
Age 
 
U 20 yrs 2 25 25 43 9 0 104 
21-25 yrs 28 57 56 47 30 13 231 
26-30 yrs 15 8 11 1 8 6 49 
O 30 yrs 0 0 2 1 2 2 7 
Hours 
spent per 
week 
U 5 hrs 20 14 38 52 34 6 164 
6-9 hrs 18 23 32 20 7 13 113 
O 9 hrs 7 53 25 22 8 2 117 
 
 
7.8.1 Data Quality Control 
Prior to full analysis of a collected survey data, it is desirable to perform quality control on the 
processed data to remove possible ambiguities and inconsistencies. This allows the appropriate tests 
to be selected for the analysis and to undertake it. The aspect concerning the thermal comfort data of 
the learning environments of the selected facilities was subjected to a cleaning exercise. 
As discussed earlier, the questionnaires were compiled through the guidance received while reviewing 
the literature (Al-Maiyah et al., 2015; Astolfi et al., 2003; Mishra & Ramgopal, 2013) and by consulting 
and adopting some ideas from the Building Use Surveys (BUS Methodology) documents. The initial 
draft was tested through a pilot assessment conducted on the actual site in January 2016, in a selected 
lecture theatre prior to the commencement of the main work. Before then, in December 2015, the 
questionnaire was administered to a group of researchers in the research center of the School of Civil 
Engineering at the University of Portsmouth. The test gave valuable insights of areas requiring 
adjustments, and the identified inconsistencies were removed/amended.  The format was enhanced, 
sections were clearly demarcated, number of questions were reduced and technical expressions, like 
visual comfort, glare, acoustic quality etc. were simplified. 
Yet it is pertinent to cross-check the final questionnaires completed by the participants in order to 
remove any inconsistency that may hamper the understanding of their IEQ perceptions. Ambiguities 
could appear in a situation where a participant finds a space to be hot and yet prefers to be warmer, 
or finds the space to be cold and still wanting to be cooler. As suggested by Montazami et al. (2017), 
thermal sensation votes (TSVs) are to be added to thermal preference votes (TPVs), when the result is 
less than -2 or that it is above +2, it should be considered as inconsistent. This is based on the premise 
that TSVs within (-3, -2) and (+2, +3) denote dissatisfaction with the space’s thermal condition, as 
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shown by Fanger (1970), and the occupant would want a solution to that, but not an enhancement. 
This method was also previously followed by Teli et al. (2012).  
The inconsistencies in filling the questionnaires were therefore checked according to individual 
surveys, using Equation 7.5 below. From Tables 7.22a to 7.22d, it is deciphered that the inconsistencies 
were being diminished with the subsequent surveys, starting from 27% to 31% and finally to 11%, for 
the first, second and third surveys respectively. This confirmed that the modifications done upon the 
pilot survey had assisted in improving the clarity of the main questionnaires. However, the remaining 
inconsistencies found may be explained as a result of the possible lack of familiarity of the respondents 
with the research topic. 
Equation 7.5  Inconsistent votes were considered to be those where    -2 > (TSV + TPV) > +2 
 
 
Figure 7.19 Excluded responses from the questionnaire on both the thermal sensation and preference votes 
 
In terms of distribution of the inconsistencies within the spaces, the largest number of inconsistencies 
were found in Dandatti, IH Umar and FEES, which happened to be more densely occupied during the 
surveys (they contained the highest concentration of the participants). From Tables 7.22a to 7.22d, it 
can be seen that the total combined inconsistencies in the three surveys reached 23%, this brings down 
the number of consistent questionnaires to 1065 (which is used in the analysis) from 1382 after 
exclusion, see Figure 7.19. This suggests that 77% of the participants were able to understand the 
questionnaires and therefore filled them correctly.  Montazami et al., (2017) in their UK primary school 
work realized 8% inconsistently filled questionnaires, while Teli et al.,  (2012) in similar work realized 
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9%. The possible reason for the differences in the percentages between the three studies is that, both 
Montazami’s and Teli’s studies were conducted where English is the first language, although English is 
widely spoken in Nigeria, differences in usage exist. 
 
Table7.22a Spatial distribution of consistent answers 
a = Total consistent answers 
All Surveys -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 
Frequency 70 33 30 94 149 185 517 155 59 42 18 5 25 
 
 
7.22b =  Consistent answers in  Midseason 
Spaces  -2 -1 0 +1 +2 Total 
AKTH  9 6 13 6 1 35 
Dandatti 16 4 51 19 2 92 
FEES  7 12 49 22 3 93 
IH Umar 4 6 74 12 4 100 
MPL 5 12 25 15 3 60 
PHL 6 4 6 0 0 16 
Sub-total 47 44 218 74 13 396 
 
 
7.22c = Consistent answers in the Winter 
Spaces -2 -1 0 +1 +2 Total 
AKTH  4 10 9 9 0 32 
Dandatti 11 10 35 14 4 74 
FEES  23 22 26 7 5 83 
IH Umar 10 11 42 8 2 73 
MPL 5 9 16 1 5 36 
PHL 3 5 4 6 0 18 
Sub-total 56 67 132 45 16 316 
 
 
7.22d = Consistent answers in the Summer 
Spaces -2 -1 0 +1 +2 Total 
 
AKTH  4 10 16 9 4 43 
 
Dandatti Theatre 6 15 47 5 4 77 
 
FEES  15 22 27 11 10 85 
 
IH Umar 6 16 51 3 7 83 
 
MPL 12 7 21 3 4 47 
 
PHL 3 4 5 5 1 18 
 
Sub-total 46 74 167 36 30 353 
 
Total 149 185 517 155 59 1065 
 
ALL SURVEYS 
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7.8.2 Test for Normality 
A test for normality is conducted on a data set to check whether it is normally distributed or not. A 
normally distributed data set is a prerequisite assumption for the conduct of parametric statistics 
(Corder, 2009; Geisser, 2006). The test results inform the researcher to reject or to accept the null 
hypothesis that the data came from a normally distributed population. Although a number of tests do 
exist that assess normality, it can also be undertaken graphically (using visual inspection) (Jacoby, 
2000). Resort is sometimes made to the graphical interpretation in the event that the numerical tests 
become under or over sensitive to the sample size. If the p-value of a normality test happens to be less 
than the chosen alpha-level, say 0.05 or 0.01 etc., then the null hypothesis is rejected and should be 
concluded that the data did follow a normal distribution. Graphically if the data is perfectly normal, 
the data points on the probability plot will form a straight line.  
In this work, Anderson-Darling (AD) normality test was used and to validate it, a probability plot was 
used. The Anderson-Darling test showed the following AD statistics; 99.006, 60.006 and 33.284, 
respectively for thermal comfort acceptability, thermal sensation and thermal preference and they all 
had p-values of less than 0.005, which indicated that the data were normally distributed. Similarly, the 
probability plots of the thermal comfort, thermal preference and sensation votes all revealed straight 
lines, as shown in Figures 7.20a, b and c respectively. The extreme responses seen on these figures 
also confirmed the results of the quality tests conducted earlier. Perhaps when filling the 
questionnaires, the participants in a haste just went for the extremes, without regards to the 
intermediates values.  
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a = Thermal Comfort 
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b = Thermal Preference 
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c = Thermal Sensation  
Figure 7.20 Probability Plots 
 
 
7.8.3 Clothing Insulation 
A list of sets of clothing ensembles typically worn in the region of the research was included in the 
questionnaire for the participants to indicate which ones they had on during the survey. It was found 
from the responses that the dresses worn by the participants slightly differ per season and per gender. 
Similar attires are worn by the participants during the mid-season (rainy) and summer (hot) surveys. 
However, the ensembles markedly differed during the winter (cold) survey, with more clothing layers 
worn. Short or long sleeve shirts or T-shirts and trousers are predominantly worn by the male 
participants during the mid-season and summer surveys, but it is also common to find a combination 
of a long or big gown with trousers and cap, due to cultural norms. During the winter more layers of 
clothing are added underneath or above those worn during the other two seasons.  
Females on the other hand appear in a combination of long gown, or wrappers with “hijab” (head 
covering material), and rarely appear in shirts and trousers outdoors, due to cultural reasons. The 
corresponding clothing insulation (clo) values from the ASHRAE Standard 55-2013 were used, summed 
up and averaged and arrived at the seasonal clo values. The corresponding clo values for the mid-
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season, winter and summer surveys were 0.66 clo, 0.74 clo and 0.62 clo respectively as shown in Table 
7.23. Photographs showing the male and female clothing ensembles were provided in Section 4.7.7. 
 
 
Table 7.23 Clothing insulation (Clo) mean values in the learning environments per season 
 Midseason (Rainy) Winter (Cold)   Summer (Hot) 
AKTH  0.65 (SD=0.13) 0.71 (SD=0.14) 0.60 (SD=0.14) 
Dandatti  0.61 (SD=0.13) 0.73 (SD=0.11) 0.59 (SD=0.59) 
FEES  0.66 (SD=0.13) 0.72 (SD=0.11) 0.61 (SD=0.12) 
IH Umar  0.68 (SD=0.13) 0.73 (SD=0.12) 0.65 (SD=0.13) 
MPL 0.67 (SD=0.13) 0.73 (SD=0.12) 0.63 (SD=0.13) 
PHL 0.71 (SD=0.11) 0.79 (SD=0.12) 0.62 (SD=0.14)  
Seasonal mean 0.66  0.74  0.62 
 
 
7.8.4 Thermal Quality Perception 
In the mid-season the answers to the questions on the thermal conditions of the learning environments 
were on dichotomous scale, with 1 = uncomfortable and 2 = comfortable. But in the winter and 
summer surveys, for consistency with the other questions/answers in the questionnaire, the style was 
changed to a 7-point Likert type scale, where 1 = very comfortable, 4 = neither and 7 = very 
uncomfortable. In the discussion however, the 7-point scale was converted into a three-point scale, 
where items 1 and 2 were merged together to form ‘comfortable’, while items 6 and 7 were summed 
up to form ‘uncomfortable’ category and the three central items, 3, 4 and 5 formed the ‘moderately 
comfortable’ category, following the method adopted in Al-Maiyah et al., (2015) and Humphreys 
(Humphreys, 2005). On the other hand, all answers to the questions on thermal sensations and 
preferences across the surveys were on the 7-point scale, where item -3 = cold/wanting cooler, 0 = 
neither/wanting no change and +3 = hot/wanting warmer. Similarly in discussing the thermal 
sensation, the two extreme items -3 & -2 and +2 & +3 were merged and considered as ‘unsatisfactory 
conditions’ and the three middle items of -1, 0 and +1 were considered ‘satisfactory conditions’.  
 
7.8.4.1 Seasonal Thermal Perception 
Table 7.24 and Figure 7.21 show the breakdown of the thermal comfort votes cast across the three 
seasons. Up to 41% of the participants in the midseason felt thermally uncomfortable with the learning 
environments. Using the three-point scale explained above, it can be deciphered from the table and 
the figure that about 12% of the participants during the winter also found their learning spaces 
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thermally uncomfortable, 55% found them comfortable and 33% found the spaces moderately 
comfortable. However during the summer about 40% were thermally uncomfortable with the learning 
environments. Therefore, going by the ASHRAE’s recommendation that 80% or more of occupants to 
an indoor space should accept its thermal condition before declaring it as thermally comfortable, thus 
it was only during the winter that the spaces could be said to be thermally comfortable, with only 12% 
of the participants showing their dissatisfaction, this corresponds well with the measured results. 
 
Table 7.24 Thermal comfort votes across the surveys 
Survey/Scale 1 2 3 4 5 6 7 Total 
Mid-season Comfortable = 311 (59%) Uncomfortable = 216 
(41%) 
527 
Winter 178 (39%) 75 (16%) 68 (15%) 60 (13%) 22 (5%) 6 (1%) 51 (11%) 460 
Summer 31 (8%) 34 (9%) 47 (12%) 65 (17%) 62 (16%) 43 (11%) 113 (29%) 395 
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Figure 7.21 Thermal comfort acceptability across the surveys 
 
Figure 7.22 shows the seasonal variations of the thermal sensation and preference votes. In the mid-
season the thermal sensations votes were slightly shifted to the warmer side with 36% as against 34%, 
in the winter it was largely on the cooler side with 52% agaisnt 12%, but in the summer it was just hot, 
this was testified by 85% of the respondents. During the mid-season 30% of the participants felt neither 
cold nor warm, it was also 34% in the winter and only 10% said so in the summer. This was further 
corroborated by the TPV chart, in the midseason, many of the respondents (47%) wanted no change.  
With 52%, cold sensation dominated the winter season, while 34% perceived “neither cold nor hot”. 
Generally it can be said that the season was thermally comfortable with the three central categories 
amounting to 67%. However 25% of the respondents indicated that the spaces were uncomfortably 
cold and 6% felt uncomfortably hot. Accordingly, during the season, the most  preferred thermal 
condition was “moderately comfortable”, 63% of the respondents indicated that and only 27% of the 
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particpants wanted to be warmer, interestingly 11% wanter cooler conditions. During the summer 85% 
of the respondents perceived warm sensations in the spaces, with only 10% of them indicating a 
“neither cold nor hot” sensation. Interestingly also, from the preference votes of the season, up to 
85% of the respondents wanted cooler conditions, 11% wanted no change and 4% of the participants 
wanted warmer conditions. 
 
 
 
a – Thermal sensation votes 
 
b – Thermal preference votes  
Figure 7.22 General thermal sensations and preferences according to seasons 
 
 
 
From Table 7.25 it is shown that in the winter, the lowest actual mean votes (AMV) of -1.03 was found 
in two spaces and the corresponding actual percentage dissatisfied (APD) values of 25% and 33% were 
perceived in AKTH and IH Umar respectively. However, during the same season a positive figure of 
+0.33 was recorded in PHL. The mid-season survey witnessed a near balance perceptions, three spaces 
were perceived as cool and in the other three warmer perceptions were recorded. During the summer 
survey the AMV values were all on the high side of positive, where the highest actual mean vote of 
+2.29 was recorded in Dandatti which was followed by IH Umar (+2.20) and the minimum of +0.93 was 
recorded in AKTH. 
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Table 7.25 Actual mean votes (AMV) and actual percentage dissatisfied (APD) according to seasons 
Learning 
environments 
Mid-season Winter season Summer season 
AMV APD (%) AMV APD (%) AMV APD (%) 
AKTH -0.08 4 -1.03 25 0.93 23 
Dandatti 0.12 27 -0.74 42 2.29 82 
FEES -0.20 15 -0.75 27 1.44 40 
IH Umar 1.50 73 -1.03 33 2.20 76 
MPL 0.77 35  0.08 33 1.23 40 
PHL -0.38 14 0.33 22 1.33 50 
 
 
7.8.4.2 Spatial Thermal Perception  
As previously explained in Section 7.8.4, the thermal acceptability scale used in mid-season season was 
answered on a dichotomous scale, while in the other two, a 7-point Likert type scale was used but 
converted into three categories, comfortable (1 & 2), moderately comfortable (3, 4 & 5) and 
uncomfortable (6 & 7). Figure 7.23 shows the thermal comfort acceptability votes of the participants 
in the learning environments across all the three seasons. The figure shows that all the participants in 
PHL accepted its thermal conditions as comfortable during the midseason, whereas 83% and 85% 
found AKTH and FEES also thermally comfortable respectively. On the contrary, 88%, 35% and 34% of 
the respondents in IH Umar, MPL and Dandatti respectively reported thermal discomfort.  
Over 90% of the respondents in five learning environments perceived the thermal conditions as 
comfortable and moderately comfortable during the winter survey. However, in Dandatti the thermal 
situation was perceived differently, 38% of the respondents perceived the thermal condition as 
uncomfortable. During the summer survey, three spaces were perceived to be comfortable, PHL, MPL 
and FEES, where over 80% of the respondents indicated that. The situation was different in IH Umar 
and Dandatti, about 55% and 71% of the respondents respectively perceived the thermal conditions in 
them as uncomfortable. PHL was rated as comfortable in the three surveys, whilst Dandatti’s indoor 
conditions were marked as uncomfortable across the rounds. 
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c - Summer  
Figure 7.23 Thermal comfort acceptability according to spaces and seasons 
 
 
The thermal conditions in the learning environments were further analyzed by examining the thermal 
sensation and preference votes of the respondents across the three seasons. Figure 7.24 shows the 
thermal sensation votes of the spaces for the three seasons. As earlier stated, the two extreme votes 
of -3 & -2 (cold and cool) and +2 & +3 (warm and hot) were considered as unsatisfactory conditions, 
while -1, 0 and +1 (slightly cool, neither hot nor cold and slightly warm) were satisfactory situations.  
During the midseason when the categories were converted, three spaces were perceived as thermally 
uncomfortable, where less than 80% of the respondents voted within the three central categories. This 
was shown when 27% and 73% of the respondents respectively in Dandatti and IH Umar indicated 
either cold or warm sensations, while 35% of the occupants in MPL perceived the conditions as warm. 
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During the winter, none of the spaces scaled through the ASHRAE55 80% threshold. The least thermal 
dissatisfaction was however recorded in PHL, where surprisingly about 23% of the respondents 
perceived the thermal condition as hot, and the highest percentage (42%) of the combined dissatisfied 
was recorded in Dandatti. Similarly in the summer, none of the spaces passed the ASHRAE test of 80%. 
The least thermal dissatisfactions were recorded in AKTH (22%), FEES (37%) and MPL (39%) during the 
summer, where the respondents perceived the thermal conditions as hot. In the summer also, the 
highest thermal dissatisfaction of 79% was recorded in Dandatti, while in both PHL and IH Umar it was 
about 48% and 75%, and surprisingly cold perceptions of 2% and 1% were recorded in MPL and 
Dandatti respectively during the season. 
 
 
a - Midseason  
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c - Summer  
Figure 7.24 Thermal sensations according to spaces and seasons 
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To corroborate the above findings, the participants were also asked to report their thermal 
preferences, the idea was that, if a participant was hot most likely he/she would prefer to be cooled 
and vice versa.  Figure 7.25 shows the thermal preferences of all the participants to the surveys in their 
respective learning environments. In the same vein, votes of -3 & -2 meant that the respondent would 
like to be cooled, while +2 & +3 meant that the respondent would like to be warmed. While the three 
central votes of -1, 0 & +1 signified that the respondent was slightly cold or wanted no change or was 
slightly warm, but were considered acceptable.  
The midseason survey was dominated by the wanting cooler votes in all the spaces, and this was more 
pronounced in IH Umar. In all the spaces, both wanting cooler and wanting warmer votes were 
demanded. However in the winter there was some kind of balance, the wanting warmer votes were 
recorded in IH Umar, Dandatti and AKTH, while the wanting cooler was demanded in PHL, MPL and 
FEES. The highest perception of wanting cooler votes was recorded during the summer, with 
insignificant percentages of wanting warmer in MPL, IH Umar, Dandatti and AKTH. 
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c - Summer  
Figure 7.25 Thermal preferences according to spaces and seasons 
 
7.8.4.3 Gender Thermal Perception 
Marginal differences between the levels of thermal acceptability of male and female participants 
across all the surveys were recorded. It can be inferred from Figure 7.26 that in the mid-season the 
thermal acceptability was quite low, with 46% against 67% for female and male respondents 
respectively. The figures rose during the winter to 93% and 85% for female and male respondents 
respectively. However, during the summer the levels of thermal acceptability were reduced, where 
70% of the female respondents accepted the thermal environment and only 57% of the male 
respondents accepted the thermal conditions of the spaces. A paired t-Test of mean difference was 
conducted and found that differences exist between them with p < 0.05. In winter and summer male 
respondents trailed behind the females in accepting the thermal conditions of the learning 
environments, that is, females were generally more content with the thermal conditions. This goes 
contrary to the previous findings that females are more sensitive to cold conditions (Cernych et al., 
2017; Li et al., 2017; Mishra et al., 2017b). 
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c - Summer  
Figure 7.26 Thermal comfort acceptability by gender 
 
To crosscheck the results of the thermal acceptability perceived by each gender group across the 
seasons, thermal sensation and preference votes were further analyzed using Figures 7.27 and 7.28. 
During the midseason, the combined percentages of the satisfied female respondents were 57% and 
the remaining 43% were dissatisfied by either cold or warm sensations. To be specific, 35% of the 
female participants perceived the spaces as hot and 8% perceived cold sensations. Interestingly on the 
thermal preference scale 36% of them also wanted cooler conditions and only 9% wanted warmer 
conditions. From the male group, 75% of them were satisfied with the thermal conditions of the spaces 
during the midseason and 25% were dissatisfied due to both cold and warm sensations. Warm and 
cold sensations were perceived by 22% and 3% of the male respondents respectively, and similarly 7% 
and 23% of them preferred warm and cold sensations. During the midseason there was some kind of 
balance in the perception of the thermal environments by the female respondents, where similar 
percentages of warmer sensation equaled that of preference to cooler conditions. 
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b - Winter  
 
c - Summer  
Figure 7.27 Thermal sensation votes by gender 
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c - Summer 
Figure 7.28 Thermal preference votes by gender 
 
The perceived thermal sensations for both gender groups during the winter season were similar, the 
thermal dissatisfaction levels for female and male respondents were respectively 36% and 29%, while 
64% and 71% of them were satisfied. Specifically, 29% and 23% of the female and male respondents 
respectively were cold, however 7% and 6% were surprisingly hot. Accordingly, the thermal preference 
also followed the trend of the thermal sensation in the winter, where 31% and 24% of the female and 
male participants to the survey wanted warmer conditions and 8% and 13% of them preferred cooler.  
10%
19%
13%
10%
28%
25%
34%
35%
8%
4%
2%
2%
4%
5%
Male
Female
0%
0%
0%
0%
6%
3%
12%
10%
27%
31%
24%
18%
31%
37%
Male
Female
Cold sensation Comfortable Warm sensation
18%
35%
5%
1%
16%
7%
49%
43%
4%
5%
1%
1%
6%
8%
Male
Female
4%
3%
9%
5%
20%
19%
28%
32%
15%
9%
11%
12%
13%
19%
Male
Female
51%
43%
15%
20%
18%
20%
11%
13%
2%
2%
2%
1%
1%
1%
Male
Female
Want cooler Want no change Want warmer
Chapter Seven 
Page 200 of 356 
 
The situation was however different in the summer, where 56% and 55% of the female and male 
respondents were thermally hot, and on the preference scales, 63% and 66% of them respectively 
wanted cooler conditions. Despite the fact that none of the respondents indicated cold sensation, yet 
2% and 3% of the female and male respondents respectively wanted warm conditions. Although the 
differences between the genders were not that outstanding, a paired t-Test of mean difference was 
conducted and found that differences exist between the genders with p < 0.05.  
 
7.8.4.4 Thermal Perception by Age Group 
The respondents to the surveys were categorized into four groups, those 20 years and below were 
designated as “U20”, followed by those between the ages of 21 and 25, as “21-25”, then those from 
26 to 30 years were “26-30” and finally those over 30 years formed the last group tagged as “O30”. 
Figures 7.29 through to 7.31 were used for analyzing the levels of thermal acceptability, sensations 
and preferences for each age group according to seasons. In the mid-season over 60% of the 21-25, 
26- 30 and O30 age groups accepted the thermal condition of the spaces as comfortable, as against 
48% indicated by U20 age group. During the winter, 100% of the O30 and 91% of the U20 groups 
accepted the thermal conditions, so also were 93% and 82% for 26-30 and 21-25 age groups 
respectively. Similarly in the summer, 40%, 42%, 32% and 20% of the U20, 21-25, 26-30 and O30 were 
dissatisfied with the thermal conditions in the spaces. This signifies that during the mid-season, older 
participants to the surveys were more tolerant of the thermal conditions, and the opposite was the 
case during the summer. It is however worth noting that the O30 group formed the least sample among 
all the age groups, constituting less than 3% of the total participants. 
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a - Midseason  
 
 
b - Winter  
 
 
c- Summer  
Figure 7.29 Thermal comfort acceptability by age group 
 
From the thermal sensation and preference charts in Figures 7.30 and 7.31, during the midseason U20 
group had the highest dissatisfaction of 46% and was followed by 26-30 group with 27%, while 21-25 
and O30 had dissatisfaction figures of 21% and 25% respectively. These figures were corroborated by 
those of the thermal preference, where cooler conditions were sought by three age groups, while a 
balance of wanting cooler and warmer was expressed by the O30 group.  
During the winter the thermal dissatisfaction figures were the lowest; where 37% was perceived by 
U20 group, 32% by 21-25, 27% by 26-30 and only 10% by the O30 age group. These figures were also 
confirmed by the thermal preference figures as follows: 39% for U20, 38% by 21-25, 39% by 26-30 and 
21% by O30 age group. During the summer the sensation was majorly warm across all the age groups 
and similarly the thermal preference was generally wanting cooler as perceived by all the age groups.  
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a - Midseason  
 
b - Winter  
 
c - Summer  
Figure 7.30 Thermal sensation votes by age group 
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c - Summer  
Figure 7.31 Thermal preference votes by age group 
 
 
7.8.5 Visual Quality Perception 
The visual quality perception was analyzed using five situations as follows: by seasons, spatially, by age 
groups, the presence of glare and quality of view from each space. As previously described under 
thermal comfort in section 7.8.4, the seven point Likert type scale was converted and one represents 
“very good quality”, four represents “neither good nor bad”, that is acceptable quality, while seven 
represents “very poor quality”. This arrangement is adapted to define the general lighting quantity, 
level of glare and quality of the view. Therefore categories 1 and 2 are “very acceptable”, 3, 4, and 5 
are considered moderately acceptable, while 6 and 7 are “unacceptable”. Amount of natural and 
artificial lighting levels were also on the seven point Likert type scale, where category 1 represents 
“too much light”, four represents “okay or acceptable” and seven represents “too little light”. 
Categories 1, 2, 6 and 7 are considered unacceptable while 3, 4 and 5 are “acceptable”. 
 
7.8.5.1 Seasonal Visual Quality Perception 
The visual quality acceptability was highest during the winter where 91% of the respondents to the 
surveys indicated this, 86% acceptability was recorded during the summer and was lowest during the 
mid-season, with an acceptability of 68%, as shown in Figure 7.32. This is in agreement with the logged 
values of shaded external light levels shown in Table 7.12 above. The low level of lighting quality 
experienced during the mid-season was understandable, which was due to the frequent occurrence of 
cloud cover and rainfall. Similarly the difference between the acceptability in winter and summer could 
also be as a result of the presence of scanty cloud covering the sky in summer, which is a period that 
precedes the rainy season in Kano.  
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Figure 7.32 Visual comfort acceptability across the seasons 
 
7.8.5.2 Spatial Visual Quality Perception 
Under spatial visual quality, the level of visual satisfaction was cross-checked against the seasons in 
each learning environment. Figure 7.33 shows that during the mid-season the acceptability levels in 
three spaces, IH Umar, Dandatti and MPL, were below 80%, where 34%, 68% and 79% of the 
respondents respectively, indicated their levels of satisfaction with the visual qualities. On the other 
hand, only 5%, 9% and 13% of the respondents in PHL, AKTH and FEES respectively were unhappy with 
the visual qualities. In the winter, over 80% acceptability levels in all the spaces were recorded, 
specifically in PHL and MPL, 100% and 98% acceptability were expressed, AKTH and FEES recorded 97% 
and 90% acceptability respectively. In the summer IH Umar visual acceptability was 79%, while in the 
remaining five spaces 80% and above acceptability were expressed. These acceptability levels were in 
agreement with the logged lighting values shown in Section 7.5. 
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c = Summer  
Figure 7.33 Spatial visual acceptability across the seasons 
 
7.8.5.3 Visual Quality Perception by Age Group 
The survey participants, as earlier mentioned, were categorized into four groups, U20, 21-25, 26-30 
and O30, their visual acceptability of the spaces were analyzed against the seasons. Using 80% level of 
acceptability limit into the visual comfort it can be inferred from Figure 7.34 that none of the age 
groups were happy with the visual conditions of the spaces during the mid-season. However the 
happiness of two groups was closer to the threshold, 21-25 and 26-30. In the winter, which was shown 
in Section 7.5. to be the brightest season, all the age groups were happy with the lighting levels, 
particularly the older participants (O30) 100% were happy. In the summer, the three younger age 
groups were happy with the visual qualities, and only 70% of the O30 participants accepted the levels 
of global lighting in the spaces.  
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c = Summer  
Figure 7.34 Visual acceptability by age across the seasons 
 
7.8.5.4 Absence of Glare across the Spaces 
A blinding or dazzling light that occurs indoors and which diminishes the quality of view is termed as 
glare. The rating under this category was that “complete absence of glare” was represented by one, 
“acceptable” was represented by four and “too much glare” was represented by seven. Similarly 
categories 1 & 2 of the 7-point scale are summed up as acceptable, 3, 4 & 5 are moderately acceptable 
and 6 & 7 are unacceptable. Figure 7.35a shows that the seasonal glare acceptability in all the spaces 
were acceptable, and Figure 7.35b shows the levels of glare in each space. Levels of glare complaints 
recorded in the learning environments in descending order of magnitude were: 18% in IH Umar, 13% 
in Dandatti, 9% in AKTH and MPL, 8% in FEES, and 0% PHL. These results showed that they significantly 
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assisted in the general acceptability of the visual quality of the learning environments, because those 
spaces with high percentage of glare acceptability also exhibited higher general visual acceptabilities. 
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a = Seasonal levels of glare 
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b = Spatial levels of glare 
Figure 7.35 General absence of glare across the spaces 
 
7.8.5.5 Assessment of View from the Spaces 
Availability of external view from an indoor space enhances the general quality of the space and its 
level of acceptability by its occupants. Satisfaction with the quality of external views from the spaces 
were treated in the same manner as the absence of glare above, using the seven point Likert type 
scale, where one denotes “very good view”, four represents “acceptable” and seven indicates 
“complete absence of view”. From Figure 7.36 it can be deciphered that in IH Umar and Dandatti the 
satisfaction with the external view was below 80%, the acceptability levels in them were 73% and 72% 
respectively. The occupants in PHL expressed an excellent satisfaction (100%) with its external view, 
while 95% of those in AKTH, 90% in MPL and 90% in FEES indicated happiness with the views from their 
respective spaces. The results are in conformity with the general visual quality acceptability of 
the learning environments. 
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Figure 7.36 Quality of view of the spaces 
 
7.8.6 Acoustic Quality Perception 
The acoustic quality perception was analyzed using two situations as follows: by seasons and spatially. 
Similarly sources of noise in each space were investigated and the results presented. The 7-point scale 
was also used, where one represents “very good acoustic quality”, four represents “acceptable or 
okay”, while seven represents “very poor acoustic quality”.  Categories 1 & 2 of the 7-point scale were 
summed up as acceptable, 3, 4 & 5 are moderately acceptable and 6 & 7 are unacceptable. To 
investigate which sources of noise was prevalent in the spaces, a list of possible sources was provided 
and using the same scale again, one represents “none at all”, four represents “moderation” and seven 
represents “too much”.  
 
7.8.6.1 Seasonal Acoustic Quality Perception 
The acoustic quality acceptability was highest during the winter, where 89% of the respondents to the 
surveys indicated that it was 86% during the summer and was lowest during the mid-season with an 
acceptability level of only 72%, as shown in Figure 7.37.  
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Figure 7.37 Acoustic quality acceptability across the seasons 
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7.8.6.2 Spatial Acoustic Quality Perception 
Spatially, the acoustic qualities of the learning environments were analyzed to determine which of 
them was the quietest, which means more acceptable by its occupants and which ones were within 
the acceptable categories. The same seven point Likert type scale was used, where “quiet” was 
represented by one, “acceptable” was represented by four and “noisy” was represented by seven. 
From Figure 7.38 it can be seen that the levels of noise in four spaces were within the 80% acceptability, 
with the exception of IH Umar and Dandatti, with 68% and 75% satisfaction levels respectively. There 
was a complaint of noise in PHL from 2% of the respondents, while in AKTH, MPL and FEES the 
percentages that complained were 10%, 10% and 6% respectively. 
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Figure 7.38 Spatial acoustic quality perception 
 
7.8.6.3 Spatial Noise Sources Assessment 
The sources of noise in each space were grouped into three, whether the noise emanated from 
external areas or from the building services or from the occupants themselves. Knowing the noise 
sources will facilitate in remedying the problem. Figures 7.39 a, b and c show the assessment of the 
occupants as regards to the sources of noise. In IH Umar 29% of the respondents showed that the 
externally generated noise was excessive. In FEES and MPL 15% of the occupants complained about 
the external noise and only 7% of those in PHL complained. Up to 29%, 21% and 20% of the occupants 
of Dandatti, AKTH and IH Umar respectively were of the opinion that the noise generated from building 
services was too much. While only 10%, 15% and 18% of the respondents in PHL, AKTH and FEES 
respectively complained. More complaints were raised in respect of noise generated by the occupants 
themselves across the spaces. In Dandatti and IH Umar specifically up to 50% and 40% of the 
respondents stated this. Similarly high percentage of occupants in FEES (27%) and MPL (26%) 
complained about the occupants’ generated noise. The occupants of the two buildings in the Teaching 
Hospital did not have much of that complaint. 
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c = Colleagues 
Figure 7.39 Noise sources in the learning environments 
 
7.8.7 Air Quality Perception 
The indoor air quality perception was analyzed using three situations as follows: by seasons, spatially 
and the presence or absence of four IAQ negative indicators (stuffy, draughty, humid and smelly) in 
achieving air quality in each space. Similarly, the seven point Likert type scale was used, where 
categories 1 & 2, represent “absence of”, 3, 4 & 5 “acceptable levels” and 6 & 7 denote “prevalence 
of”. Details are discussed below. 
7.8.7.1 Seasonal Air Quality Perception 
With reference to Figure 7.40, the indoor air quality satisfaction was highest during the winter season 
where 89% of the respondents to the surveys indicated that, it was 64% and 63% during the mid and 
summer seasons respectively. One would expect a very low satisfaction with the air quality during the 
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winter, as it was the season of Sahara dust occurrence, which infiltrates into buildings and similarly as 
openings were closed, which is known to raise CO2 concentration indoors, but it did not.  A further 
study needs to be carried out to find out the likely cause for this occurrence. 
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Figure 7.40 Air quality acceptability across the seasons 
 
 
7.8.7.2 Spatial Air Quality Perception 
Spatially the indoor air qualities were analyzed to determine which learning environment had the best 
indoor air quality, which means more acceptable by its occupants and which ones were within the 
acceptable categories. The same seven point Likert type scale was used, where “satisfactory” was 
represented by 1 & 2, “moderation” was represented by categories 3, 4 & 5 and “unsatisfactory” was 
represented by 6 & 7. From Figure 7.41, it can be seen that the levels of satisfaction with the air 
qualities in four spaces were above the 80% criteria as prescribed by ASHRAE Standard 62.1 (2007), 
PHL had 100%, AKTH had 96%, FEES had 89% and MPL had 81%. While IH Umar and Dandatti had 62% 
and 74% satisfaction levels respectively. Incidentally, IH Umar and Dandatti theatres had the highest 
occupancy levels during the surveys, they had 26% and 23% of the total respondents respectively (see 
Figure 7.18 above), and are located within the central areas of the campuses with high vehicular traffic, 
these might explain their poor levels of indoor air quality.  
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Figure 7.41 Spatial indoor air quality perception 
 
7.8.7.3 Sources of Poor Air Quality 
The sources of poor indoor air quality in each space were grouped into four (freshly/stuffy, 
draughty/still, humid/dry and odourless/smelly). Whether the air in the building was stuffy as against 
being fresh, was smelly as against being odourless, draughty/still and humid/dry. Knowing the sources 
of poor air quality will facilitate the ease with which it can be remedied. The seven point Likert scale 
was also used, for “odourless/smelly” and “freshly/stuffy”, 1 & 2 represented “odourless/freshly 
conditions”, 3, 4 and 5 represented “moderation” and 6 & 7 represented “smelly/stuffy conditions”. 
As for draughty/still and humid/dry, the three central categories (3, 4 & 5) represented acceptability, 
while the first and last two (1, 2, 6 & 7) categories were considered as unacceptable. 
Figure 7.42 shows the high percentages recorded for the general satisfaction or otherwise with the 
indoor air conditions in the spaces. Responses from five spaces indicated general satisfaction with the 
odour conditions in them, with the exception of IH Umar, where 27% of the respondents indicated 
dissatisfaction. However, in the case of freshly/stuffy conditions in IH Umar, Dandatti and MPL, 41%, 
32% and 22% of the respondents respectively expressed their dissatisfactions.  Satisfactory responses 
were recorded in PHL (98%), AKTH (97%) and FEES (92%). Perception of draughty conditions were 
found to surpass that of still air conditions in four spaces, PHL (33% as against 8%), AKTH (23% as 
against 2%), FEES (24% as against 16%) and MPL (27% against 23%). On the other hand perception of 
still air conditions were higher than draughty conditions in IH Umar with 31% against 26%, and there 
was a balance of the two in Dandatti, with 21% each. Generally dry conditions were more perceived in 
the spaces than humid conditions, as high as 42% as against 12% of the respondents in FEES, and the 
lowest of 25% as against 4% were recorded in AKTH. From the foregoing therefore, IAQ wise, AKTH, 
FEES and PHL were found to be the most comfortable spaces. This also supports the IAQ measurement 
results reported in Section 7.7 above. 
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Figure 7.42 Satisfaction with air quality parameters in the learning environments 
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7.9: Discussion  
The thermal quality assessment of a building depends more on the indoor air temperature, being the 
most important environmental variable (Humphreys, 2005; Mishra et al., 2017a). The summer season 
ushered in the highest temperatures as expected, where 36.8 °C was recorded in IH Umar, with logged 
outdoor air temperature of 43.1 °C recorded in the Old campus during the survey. This value exceeded 
both the ASHRAE 55 (summer) and the Nigeria’s temperature thresholds of 20 °C and 34 °C 
respectively. The PMV results during the season corroborated this, where AKTH had the highest value 
of +2.02 with a corresponding PPD value of 76% (see Table 7.26). Similarly, during the same season, all 
the learning environments failed the three TM52 overheating criteria. In the summer also, only 
Dandatti and MPL had their operative temperatures within the EN 15251 adaptive thermal comfort 
temperature ranges, and none was within the ASHRAE 55 adaptive range (see more on comfort 
temperature ranges for Kano in Chapter 8). The results of the surveys also showed that summer season 
was the most uncomfortable due to warmer thermal sensation, nonetheless PHL, MPL and FEES were 
perceived to be comfortable, with thermal acceptability of over 80%. FEES was found to exceed the EN 
15251 threshold by just 0.5 °C could therefore be counted among the comfortable spaces using the 
same criteria. However, PMV model and TM52 thresholds failed to recognize this fact having found 
the spaces overheated. AKTH operative temperature exceeded even the national comfort zone limit 
of 34 °C. 
Mild conditions were witnessed during the midseason, where the indoor air temperatures ranged 
between 24 °C and 35 °C, while Top ranged between 27 °C and 30°C, but the humidity was highest at 
about 80%. Nevertheless, PMV model found AKTH and FEES comfortable, moreover adaptively all the 
spaces were found comfortable by both the two adaptive approaches. Similarly AKTH, FEES and PHL 
were perceived to be thermally comfortable with over 80% of the respondents indicated thus. From 
Table 7.26 and Figure 7.43, PMV found PHL warm, whereas adaptively it was found comfortable and 
this was corroborated by the occupants. The Top values of all the spaces fell within the comfort zone 
defined by the Nigerian guide. This again shows the shortcomings of the PMV model. 
During the winter the air temperature ranged between 24 °C and 31 °C while Top ranged between 23 
°C and 29 °C, and humidity was as low as 13%. PMV found FEES and MPL warm and the other four 
spaces comfortable.  The two adaptive comfort models found the spaces comfortable, but EN 15251 
found Dandatti and PHL slightly cold by fractions of a Centigrade. According to the survey results all 
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the spaces, but Dandatti, were comfortable having scaled through the ASHRAE 55 80% threshold (see 
Table 7.26 and Figure 7.43). Using their Top values, FEES and MPL were within Nigeria’s comfort zone. 
Interestingly the females and older participants to the surveys were more tolerant of the thermal 
conditions of the learning environments during the fieldworks for having higher acceptability votes, 
although the sample sizes of both were small. Although the window-wall orientations of the two 
hottest spaces, IH Umar and Dandatti were North-East-South and East-North-West respectively, this 
might have an effect, likewise the inoperability of their windows and the overcrowding in them might 
be the direct cause of the thermal discomfort during the surveys. Similarly the presence of large 
windows in AKTH without adequate shading led to its thermal discomfort in the summer. This is further 
discussed in Chapter 9. 
 
Table7.26 Contrasting thermal comfort results between measurements and perception 
Learning 
environme
nts 
Midseason Winter Summer 
Measurement 
Results: PMV 
Survey 
Acceptability 
(%) 
Measurement 
Results: PMV 
Survey 
Acceptability 
(%)  
Measurement 
Results: PMV 
Survey 
Acceptability 
(%) 
AKTH +0.36  83 +0.38  95 +2.02  76 
Dandatti +0.89  66 -0.21 62 +1.03  29 
FEES +0.24  85 +1.35 94 +1.56  81 
IH Umar +1.28  12 +0.25 88 +1.46  44 
MPL +1.17  65 +1.42 98 +1.29  82 
PHL +1.00  100 +0.35 100 +1.11  90 
 
 
  
Figure 7.43: Contrasting PMV and Survey Thermal Acceptability 
 
As for the visual comfort, lighting levels and uniformity ratios were the objective indicators used to 
define the quantity and the spatial distribution of the visual conditions in the learning environments. 
The highest median lighting levels recorded in the learning environments were found during the winter 
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and the least were recorded in the mid-season (rainy) season. Although AKTH had the highest lighting 
levels in two seasons, it had the least uniformity ratios across the three surveys (0.35, 0.33 and 0.31), 
this might explain the visual discomfort experienced in it. The best uniformity ratios were recorded in 
Dandatti across the three seasons, respondents showed their happiness especially in winter (87%) and 
summer (82%) see Table 7.27. It was also found that all the lecture theatres met the lighting thresholds 
of EN 12464, NBC and the NUC’s guide, while the laboratories met only Nigeria’s codes. From the 
surveys, the visual quality acceptability was also highest during the winter and was lowest during the 
midseason, agreeing with the instrumented results. In the winter, over 80% acceptability was recorded 
in all the spaces, while during the midseason only in three spaces, PHL, AKTH and FEES, was 80% 
acceptability recorded (see Figure 7.44). Age wise, none of the age groups was happy with the visual 
conditions of the spaces during the mid-season, while winter season was the most accepted among 
the seasons. Despite having the highest lighting levels, there was a low level of glare in AKTH. Quality 
of view from the learning environments was best in PHL and least in IH Umar and Dandatti, the latter 
two have windows on their three sides, but at high level and only occupants at the rear could see 
through them.  
 
Table7.27 Contrasting visual comfort results between measurements and perception 
 
Learning 
environments 
Midseason Winter Summer 
Measurement 
Results  (lux) 
Survey 
Acceptability 
(%) 
Measurement 
Results (lux) 
Survey 
Acceptability 
(%) 
Measurement 
Results (lux) 
Survey 
Acceptability 
(%)  
AKTH 807  91 1204  97 1043  100 
Dandatti 922  68 835  87 604  82 
FEES 976 87 1072  90 512  86 
IH Umar 865  34 716  90 656  79 
MPL 262  79 233  100 217  88 
PHL 286 95 448  100 350 100 
 
  
Figure 7.44: Contrasting visual comfort results between measurements and perception 
 
0% 20% 40% 60% 80% 100%
Lux
Lux
Lux
M
id
-s
ea
so
n
W
in
te
r
Su
m
m
er
Percentages
Gl
ob
al
 li
gh
tin
g 
le
ve
l (
Lu
x)
AKTH Dandatti FEES IH Umar MPL PHL
0% 20% 40% 60% 80% 100%
Survey
Survey
Survey
M
id
-
se
as
on
W
in
te
r
Su
m
m
er
Percentages
Vi
su
al
 Q
ua
lit
y 
Ac
ce
pt
ab
ili
ty
AKTH Dandatti FEES IH Umar MPL PHL
Chapter Seven 
Page 217 of 356 
 
The background noise levels, signal-to-noise levels and reverberation times recorded in the learning 
environments were compared with the WHO, BB93, ANC and the NUC’s thresholds to define the 
acoustic quality of the spaces. AKTH complied with the WHO and NUC background noise level 
requirements in the mid-season, similarly the laboratories (MPL and PHL) complied with the NUC’s 
guide in both midseason and the winter seasons. However, all the learning environments complied 
with the signal-to-noise levels across all the seasons. Reverberation times in Dandatti and FEES were 
within the ANC’s threshold in the winter season only.  
  
Figure 7.45 Background Noise and Signal to Noise Levels compared 
 
Combining the instrumental results therefore, it can be understood that the best acoustical spaces all 
the year round were AKTH, FEES and PHL. They had the least background noise levels and the highest 
signal-to-noise levels (see Figure 7.45). These findings were supported too by the survey results, where 
90%, 94% and 100% of the respondents respectively expressed their acceptance in the three spaces. 
Seasonally, the acoustic quality acceptability was highest during the winter and was least in mid-
season. One would expect a lower figure of the acoustic acceptability in the summer when it was 
generally hot, when ceiling fans were fully operated and more disturbances were likely from the 
outside sources as activities were more conducted outdoors. From the measured background noise 
levels, summer had the highest in all the spaces, winter had the lowest in four spaces and mid-season 
had lowest in two spaces (see Table 7.13 above). For example in FEES the measured results were 43.8 
dB(A), 40.8 dB(A) and 47.0 dB(A) for midseason, winter and summer seasons respectively. Spatially, 
more complaints were recorded in IH Umar and Dandatti during the surveys, the acceptability levels 
from both were expressed by less than 80%. Similarly in all the spaces across all the seasons, the noise 
was mostly generated by the occupants of the learning environments themselves. This is confirmed by 
the consistent unoccupied lower background noise levels recorded in all the spaces and across all the 
seasons as shown in Tables 7.2 to 7.4 above. The acoustic standards’ thresholds seem to work much 
better than those of the thermal comfort. 
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The indoor air qualities in the spaces were analyzed through two indicators, CO2 concentrations and 
levels of particulate matter during the surveys. The maximum mean CO2 concentration recorded when 
occupied across the three seasons was 1,136 ppm recorded in Dandatti and the least was 502 ppm 
found in PHL and were both in the winter. All the CO2 concentrations in the seasons fell below the 
ASHRAE 62 threshold of 1,200 ppm. The highest occupied CO2 concentrations were found in the higher 
density (person/m3) learning environments, Dandatti, I H Umar and FEES. Similarly, lower 
concentrations were found in the least dense learning environments, MPL, AKTH and PHL. 
Furthermore, highest and lowest occupied CO2 concentrations occurred in the winter, when windows 
and doors were closed and ceiling fans put off, these actions were perhaps taken to reduce air 
exchange from outdoors to indoors and also to limit air movement within the spaces. From Table 7.15, 
it can be seen that as high as 1136 ppm was recorded in Dandatti during the winter, while the highest 
values of 1048 ppm and 946 ppm were recorded in summer and midseason in FEES and I H Umar 
respectively. 
In contrast to the CO2 concentrations, analysis of particulate matter (PM), in this study was only 
possible between spaces within each season. However, from the PM results, CO2 concentrations and 
the occupancy levels during the surveys, it can be seen that the higher the concentration of people, 
the higher the PM values. The highest PM concentrations were found in the highly populated learning 
environments, this was corroborated by the low PM concentrations found in PHL and AKTH, which had 
the least person/m2 across the three fieldworks. This was perhaps because doors were frequently 
opened for entry and exist and that people raise dust as they move about in the spaces. Figure 7.46 
shows the concentration levels of PM and CO2 during the summer, where high occupancy spaces, 
(IH Umar, Dandatti and FEES) had higher concentrations. Siting of these learning environments within 
their respective campuses also affected the level of PM concentrations in them. Both the PHL and 
AKTH are located in the Teaching hospital, and are sited in the most remote and greener parts of the 
campus, hence witnessed lower PM concentrations. Likewise FEES in the new campus, had lower PM 
concentration as against Dandatti, though both are located in the same campus, but Dandatti is sited 
within the highest human and vehicular traffic zone of the campus, hence the higher PM 
concentrations.  
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Figure 7.46 Concentration of CO2 and PM2.5 
 
7.9: Summary  
Physical measurements and surveys of IEQ in the learning environments of Bayero University, Kano 
were carried out to ascertain their performances in comparison with relevant national and 
international comfort standards’ thresholds. The physical measurements conducted showed that the 
indoor environments of the learning environments differ depending on the season, location, 
proportion of openings and occupancy levels. The indoor thermal quality was mainly affected by heat 
gains from overcrowding (such as in IH Umar and Dandatti) and occurrence of sun’s radiation falling 
on wall surfaces and large windows (such as in AKTH). It was observed during the fieldworks that in IH 
Umar difficulty in operating the windows impacted on air movement from outdoors to indoors leading 
to higher thermal discomfort. This also contributed to the higher levels of CO2 and PM concentrations 
leading to poor indoor air quality.  
One of the main purposes of a building is to meet the comfort requirements of its occupants, therefore 
the provision of sustainable and comfortable indoor environments of buildings should be the priority 
of all building designers. The assessment of the performance of any building therefore should be based 
on its acceptability by the building occupants, whose perceptions must not be neglected (De Giuli et 
al., 2013). In this study the occupants (the students, their teachers and support staff) of the six learning 
environments were surveyed to determine the IEQ performances of their educational facilities. Levels 
of their satisfaction with the different IEQ parameters were surveyed using questionnaires for the 
three periods of the surveys. The surveys showed that the occupants were more satisfied with the 
conditions of the learning environments during the winter and dissatisfied in the summer, mainly due 
to unfavourable indoor conditions, which means the buildings were unable to counteract the outdoor 
weather conditions in the summer.  Similarly the occupants rated the IEQ conditions in PHL, AKTH and 
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FEES ahead of the other three facilities due to their appropriate siting, density, and adequate daylight 
made possible by wider and operable windows on adjacent facades. For acoustic and indoor air quality, 
the occupants were happier with those spaces in the isolated and greener parts of the campuses, PHL, 
AKTH and FEES. 
Generally the occupants’ perceptions for their learning environments were more than the instruments 
showed. PMV was unable to define the thermal conditions of the learning spaces as perceived by the 
occupants, especially in midseason and summer, this is however not surprising as it is known to work 
well for conditioned spaces. The EN 15251 version of the adaptive thermal comfort models seems to 
be more appropriate for Kano region, as its predictions were more or less accepted by the occupants 
of the learning environments.  
The provisions in Nigerians’ codes, although they define the variables in line with the results obtained 
instrumentally, they were not comprehensive enough and did not cover all the IEQ parameters, and 
therefore need some revision and expansion. This is very desirable because enhanced IEQ is known to 
improve occupants’ health, wellbeing and comfort and has the potential of saving energy through 
passive design solutions. This might also assist the situation given the challenges of poor grid-based 
energy supply in Nigeria. The design of learning environments for improved IEQ conditions should 
therefore be such that proper attention is given to siting, orientation, the design of windows for natural 
ventilation and lighting and appropriate shading devices to regulate solar radiation and air movement. 
There is also the need to further examine how these parameters can be optimized to provide an 
appropriate level of IEQ, this is undertaken in Chapters 8, 9 and 10. Chapter 8 deals with the evaluation 
and determination of neutral temperatures, comfort temperature range and adaptive comfort 
equation for Kano region, while Chapter 9 investigates the relationship between the architectural 
design characteristics of the learning environments and their IEQ performances. Chapter 10, on the 
other hand, relates how the IEQ variables were ranked in relation to the learning environments. 
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Chapter 8   
Evaluating Neutral, Preferred and Comfort Range 
Temperatures and Computing Adaptive Equation for Kano 
Region   
8.1 Introduction 
It is now possible to explore the performance of existing buildings and the possibilities of improving 
the indoor environment of future ones with development in thermal comfort studies. The assessment 
of thermal comfort in buildings makes it possible to determine the acceptable range of environmental 
parameters and permitting architectural recommendations that best fit each type of climate. It is also 
known that daily climatic patterns in all regions require climate-conscious building design strategies to 
achieve a comfortable thermal environment, this is apt for the tropics. As vividly captured by Nicol 
(2004), that “the climatic, cultural and the allowance for time means that comfort surveys are needed 
in every area of the world, particularly in the tropics where current standards are weakest”. He also 
stated that “…. the empirical findings of field surveys can be used as a guide for informing the design 
of buildings to provide comfortable conditions. Wherever possible this can be improved by the conduct 
of local field surveys to fully reflect local climate and culture”. Nonetheless, thermal comfort studies 
for naturally ventilated buildings in the tropical context, as stated earlier, are relatively under 
represented, this is especially true for the Sub-Saharan African region. 
The primary objective of this chapter is to evaluate the neutral, comfort range and preferred 
temperatures, as well as developing an appropriate adaptive thermal comfort equation to be used as 
a guide for naturally ventilated buildings in the hot and dry region of Nigeria. The main focus therefore 
is to determine the statistical relationships between the indoor thermal comfort indices: operative 
temperature (Top), predicted mean votes (PMV) & actual mean votes (AMV); and outdoor temperature 
(Tout, mean) & comfort temperature (Tcomf). 
 
8.2 Thermal Comfort 
Discussion on thermal comfort was conducted in Chapter 3, due to its importance a large number of 
studies on it have been and are being performed in various building types around the world including 
educational buildings and learning environments. As stated earlier, there are two main models that 
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define thermal comfort, the predicted mean vote (PMV) and the adaptive thermal comfort (ATC). Being 
the pioneering model, PMV-PPD’s equation was used in arriving at the recommendations of 
international comfort standards, such as ISO 7730, EN15251 and ASHRAE Standard 55. PMV is however 
confounded with the problem of limited applicability for predicting comfort temperatures in hot 
climates, as seen in Section 7.4.4, it predicts higher values of PMV over +2, yet respondents to the 
surveys expressed satisfaction at temperatures of over 30 °C. Precisely the PMV value of +2.02 was 
recorded in AKTH theatre, and the operative temperature in the theatre was 34.9 °C, yet 76% of the 
occupants found the thermal condition in the theatre comfortable (see Figure 7.23c). 
However, field investigations, using ‘real’ people engaged in ‘real’ tasks in ‘real’ built environments 
have produced repeatedly contrary results that suggest people’s thermal sensation and 
preference also have a geographical dimension (A Auliciems & Szokolay, 2007; Nastase et al., 2016). 
The adaptive thermal comfort requirements for naturally ventilated (NV) spaces determined by this 
approach significantly differ from those defined by PMV/PPD model. An adaptive opportunity is the 
ability for the occupants to open doors or windows, put on/off ceiling fans, adjust clothing. More on 
this was discussed in Sections 3.5.1.3 and 3.5.1.4. 
 
8.3 Neutral Temperatures from Tropical Regions 
Table 8.1 shows the summary of previous thermal comfort field studies conducted in higher 
institutions of learning in the tropics. The table also contains the locations/countries where the studies 
were conducted, seasons, ventilation types, thermal comfort model used in the work, number of 
respondents and the comfort temperatures obtained. 
The results from Table 8.1 imply that people living in hot climates adapt to a wider and higher range 
of indoor operative temperatures relative to the same magnitude of outdoor air temperature 
increases. In the same vein the studies came up with comfort zones between 22 °C and 31 °C and 
neutral temperatures in the range of 26.5 °C - 29 °C. The range of comfort temperature shown in the 
table reinforces the suggestion that was put forward by Humphreys (1976) over 40 years ago from the 
many field studies he conducted, that people in hot climates might prefer a sensation slightly cooler 
than neutral. 
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Table 8.1 Summary of previous thermal comfort field studies conducted in higher institutions of learning in the tropics 
and sub-tropics 
 
 
Study Location Climate Season Ventilation 
type 
Thermal 
comfort 
model 
Number 
of 
responses 
Tcomf/Tn 
(oC) 
Auliciems 
(1975) 
Australia Subtropical Winter Naturally 
Ventilated 
Not given Not given Sec. school:     
24:5  
Kwok (1998) Hawaii, US Tropical Winter/summer Naturally 
Ventilated 
Rational & 
Adaptive 
2181  26.88  
Wong and 
Khoo (2003) 
Singapore Tropical Summer Naturally 
Ventilated 
Rational 493 28.8  
Ogbonna & 
Harris (2008) 
Nigeria Tropical Summer Naturally 
Ventilated 
Rational & 
Adaptive 
200 26.27   
Memon et al. 
(2008) 
Pakistan Tropical Summer Naturally 
Ventilated 
Rational & 
Adaptive 
206 32.5    
Hwang et al. 
(2009) 
Taiwan Subtropical Autumn Naturally 
Ventilated 
Rational & 
Adaptive 
944 23-24  
James & 
Christian (2012) 
Ghana Tropical Winter Naturally 
Ventilated 
Adaptive 116 - 
Toe & Kubota 
(2013) 
RP-884 
Database 
Tropical Whole year Naturally 
Ventilated 
Adaptive 2776 23.62  
De Dear et al. 
(2015) 
Australia Subtropical Summer Naturally Ventilated, 
AC and Evaporated 
Cooling 
Rational & 
Adaptive 
2129 22.5  
Mishra & 
Ramgopal (2015) 
India Tropical Whole year Naturally 
Ventilated 
Adaptive 67 29.0  
 
8.4 Neutral Temperatures from Nigeria 
Thermal comfort studies identified from Nigeria that calculated the adaptive comfort temperatures 
and adaptive equations are very few.  Ogbonna & Harris (2008) conducted a fieldwork in university 
classrooms and residential houses in Jos (Nigeria), using linear regression of thermal sensation votes 
(TSV) on operative temperature (Top) across their samples, the study yielded a neutral temperature of 
26.27 °C and a comfort range of between 24.88 °C and 27.66 °C. They also obtained a correlation r2 = 
0.57 from the regression line equation (TSV = 0.3589Top – 9.4285). Efeoma et al. (2014) undertook a 
thermal comfort assessment of office buildings in Enugu, eastern Nigeria (in February, when average 
air temperature reaches 38 °C), and obtained a range of comfort temperature of 24.7 °C to 32.9 °C. 
Another study conducted in the rainforest of Nigeria by BRE (1978) in Port Harcourt yielded a neutral 
temperature of 23.13 °C, indicating a wide disparity of up to 3.14 °C between the Jos and the Port 
Harcourt figures. Some more thermal comfort studies were recently conducted in the country but 
mostly in residential houses (Abdulkareem et al., 2018; Adaji et al., 2015; Munonye & Ji, 2017). 
 
8.5 Results 
The need to distinguish between how warm or cool an indoor environment is (an objective measure) 
and from how warm or cool a person feels, or desires to feel (a subjective response), calls for the 
employment of both physical measurement and survey. The PMV & PPD, operative temperature, AMV, 
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and the adaptive comfort indices based on EN 15251 and the American Society of Heating, 
Refrigerating and Air-Conditioning Engineers (ASHRAE Standard 55) were already determined and 
presented in Chapter 7. The running mean temperature (Trm) and the mean outdoor air temperatures 
(Tout, mean) of the entire survey months were determined. Their analysis and discussion have also been 
presented previously in Chapter 7 and a summary is given in Tables 8.2 to 8.4. These results were used 
in arriving at the neutral and preferred temperatures. 
 
Table 8.2 Derived Thermal Comfort Indices in Mid-season 
Survey LEARNING 
ENVIRONMENT 
Top OC Trm OC PMV PPD Tout OC AMV Tn 
Mid-
season 
(first 
survey) 
AKTH  27.4  27.4  +0.36  8% 27.9 -0.08 27.8 
Dandatti  29.8  28.8  +0.89  22% 29.1 0.12 28.3 
FEES  27.0  27.4  +0.24  6% 30.4 -0.20 27.8 
I H Umar  30.4  30.6  +1.28  39% 31.0 1.50 28.9 
MPL 30.0  29.2  +1.17  34%   32.8 0.77 27.8 
PHL 27.7  30.2  +1.00  26% 27.9 -0.38 28.2 
 
Table 8.3 Derived thermal comfort indices in the Winter 
 
 
 
 
 
 
Table 8.4 Derived thermal comfort indices in the Summer 
Survey LEARNING 
ENVIRONMENT 
Top OC Trm OC PMV PPD Tout OC AMV Tn 
 
Summer 
(third 
survey) 
AKTH  34.9  36.5  +2.02  78%  35.6 0.93 30.8 
Dandatti  31.3  33.5  +1.03  27%  36.3 2.29 29.9 
FEES  33.2  34.4  +1.56  54%   34.8 1.44 30.2 
I H Umar  34.3  35.8  +1.46  49% 36.8 2.20 30.6 
MPL 33.6  36.3  +1.29  40% 35.6 1.23 30.8 
PHL 33.0  32.4  +1.11  31% 33.5 1.33 29.5 
 
 
8.5.1 Neutral Temperature  
The neutral or comfort temperature (Tn) is defined as “the operative temperature at which either the 
average person will be thermally neutral or at which the largest proportion of a group of people will be 
comfortable” (Nicol & Humphreys, 2010). The Comfort or neutral temperature is also described as an 
indoor temperature in which the thermal condition of the occupants is neither warm nor cool, but 
neutral (Mahdy & Nikolopoulou, 2012). The comfort temperature is not static, as stated by the two 
Survey LEARNING 
ENVIRONMENT 
Top  OC Trm  OC PMV PPD Tout  OC AMV Tn   
 
Winter 
season 
(Second 
survey) 
AKTH  25.5  25.4  +0.38  8% 25.4 -1.03 27.2 
Dandatti  23.1  23.8  -0.21 6% 23.8 -0.74 26.7 
FEES  29.4  26.8  +1.35 43% 26.4 -0.75 26.7 
I H Umar  25.0  24.8  +0.25 6% 30.8 -1.03 27.0 
MPL 29.6  29.2  +1.42 47% 30.3  0.08 28.5 
PHL 23.7  25.4  +0.35 7% 23.6 0.33 26.8 
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adaptive model standards (ASHRAE 55 and EN 15251), it fluctuates between two boundaries, upper 
and lower. According to Szokolay (2004), the range of the comfort zone is taken as 5°C, meaning that 
the range of the thermal comfort temperature extends approximately to about 2.5°C above and below 
the neutral temperature. The comfort ranges of the two main adaptive comfort standards, EN  15251 
and ASHRAE 55 are 6 °C and 7 °C respectively (ASHRAE (2013), 2013; CEN, 2007). The ASHRAE Standard 
55 adopted Equation 8.10, which was developed from the ASHRAE database from across four 
continents. The standard incorporates a single comfort envelops with a 7 °C range increases at 0.31 °C 
with each degree Celsius. Similarly the EN 15251 adopted Equation 8.11 developed in European cities, 
based on the outdoor running mean temperature, with a range of 6 °C. 
Two sets of regression analyses were conducted between the mean thermal sensation votes calculated 
as actual mean votes (AMV) and two different indoor temperatures (operative temperature = Top, and 
indoor running mean temperature = Tindrm) for comparison. This method was followed by Mishra & 
Ramgopal (2014) and Baruah et al. (2014). The neutral temperatures were calculated by equating the 
obtained equations of the comfort index (AMV) to zero, which is the point at which most occupants 
felt neither warm nor cold, while the comfort temperature ranges are based on -1 to +1 on the 7-point 
scale. Figure 8.1 shows the fitted line plots of the relationships of the comfort index with the Top and 
Tindrm. The equations formed by these relationships, r2, p values, neutral and comfort range 
temperatures are tabulated and presented in Table 8.5. The Tn obtained by correlating the AMV and 
the indoor running mean temperature was the strongest with an r2 = 70%, as against that of Top of 59%. 
 
 
a = AMV Vs Top 
3634323028262422
2.5
2.0
1.5
1.0
0.5
0.0
-0.5
-1.0
S 0.696734
R-Sq 59.4%
R-Sq(adj) 56.9%
Top
AM
V
Fitted Line Plot
AMV = - 6.176 + 0.2253 Top
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b = AMV Vs Tindrm 
Figure 8.1 Correlations of AMV versus Top and Tindrm 
 
Table 8.5 Neutral temperatures based on Top and Tindrm  
Equations r2 and P values Tn (°C) Comfort Range (°C) 
AMV = -6.176 + 0.2253 Top r2 = 59.4%   (P = 0.000) 27.4  23.0 - 31.9 
AMV = -8.265 + 0.2943 Tindrm   r2 = 70.0%   (P = 0.000) 28.1 24.7 - 31.5 
 
The neutral temperatures obtained above are slightly higher than what were obtained by Ogbonna & 
Harris in Jos Nigeria (26.27 °C) and Kwok in Hawaii from the US (26.9 °C). But Jos has generally lower 
average outdoor temperatures than Kano all the year round, thus any of the two neutral temperatures 
would be more appropriate for Kano region for being higher than the Jos Tn. Although the Tn based on 
Tindrm has higher r2 value and is higher (28.1 °C) than that of Top (27.4 °C), for comparison with previous 
studies, which were mostly based on Top, this study therefore considered the Tn based on the Top as 
well. 
 
8.5.2 Preferred Temperature 
Thermal comfort can also be defined as “a condition where people prefer neither warmer nor cooler” 
(Fanger, 1972). Any thermal environment that deviates from its occupants’ expectations might cause 
thermal discomfort. Occupants of such environments could not feel comfortable even when their 
thermal sensations were zero. It is understood that the actual thermal environment when evaluated 
may be higher or lower than the neutral temperature, in warm regions the people would want slightly 
cooler conditions, and in cooler regions, they would prefer warmer conditions (de Dear & Brager, 1998; 
Tao & Li, 2014). de Dear & Brager (2002) showed that thermal preferences and feelings vary according 
to the seasons, and therefore the preferred indoor temperature may need to be determined from time 
to time or between one group of people and another.  
35.032.530.027.525.0
2.5
2.0
1.5
1.0
0.5
0.0
-0.5
-1.0
S 0.598830
R-Sq 70.0%
R-Sq(adj) 68.1%
Tindrm
AM
V
Fitted Line Plot
AMV = - 8.265 + 0.2943 Tindrm
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Thus to obtain the preferred temperature, further analysis was carried out based on the results of the 
preference votes on the seven-point McIntyre preference scale. According to the answers to the 
question on the questionnaire: “this time what do you prefer in this space; much cooler, cooler, slightly 
cooler, no change, slightly warmer, warmer or much warmer”? In arriving at the want cooler and want 
warmer votes, the sum of all votes under “much cooler, cooler and slightly cooler” were merged to 
form the want cooler. Similarly the sum of all the votes under “slightly warmer, warmer and much 
warmer” formed the want warmer category. This method was followed by a number of studies, such 
as de Dear et al. (2014); Tao & Li R. (2014); and Ye et al. (2010). During each season, operative 
temperatures of each space were obtained, and in each space at each operative temperature there 
were people who preferred “wanting warmer” (Pwarmer), “wanting no change” and “wanting cooler” 
(Pcooler) conditions. Therefore the percentages of the respondents “wanting warmer” and “wanting 
cooler” were classified into an operative temperature bin of 1 °C. These are shown in Figures 8.2 to 
8.4, respectively for the winter season, out of season and for all seasons.  
 
8.5.2.1 Winter Preferred Temperature 
Figure 8.2 shows a chart with two linear equations obtained from the fitted line plots of wanting 
warmer and wanting cooler conditions for the winter season and the respective equations are shown 
as Equations 8.1 and 8.2. The equations are evaluated from the percentages of all the respondents to 
the surveys that would want warmer/cooler conditions at the respective operative temperatures 
recorded in the spaces on the dates of the monitoring.  
Equation 8.1: Pcooler = - 0.038 + 0.815Top -    …   (r2 = 0.037) 
Equation 8.2: Pwarmer = 0.511 - 0.0056Top -   …      (r2 = 0.011) 
The preferred temperature for winter season was then evaluated from the point of intersection of the 
two curves; “Pcooler” and “Pwarmer” in Figure 8.2 this gave a value of 26.5 °C. In the figure, the blue line 
represents the “want cooler” while the red one is for “want warmer”. The intersection point indicates 
the temperature where an equal percentage of respondents wanting warmer and those wanting cooler 
conditions. This point is assumed as the preferred temperature because at this point people prefer 
neither warm nor cooler conditions.  
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Figure 8.2 Winter preferred temperature 
 
8.5.2.2 All Seasons at a Glance  
When considered individually none of the other two seasons’ equations (midseason or summer) 
intersect one another as the percentages of the wanting warmer and wanting cooler are way apart 
from each other. Figure 8.3 shows the plots of wanting warmer and wanting cooler conditions for the 
all the three seasons, where only those of winter intersect. Therefore there was no need to go further 
analyzing for the preferred temperatures of the two seasons. 
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Figure 8.3 All Seasons 
 
8.5.2.3 None-seasonal Preferred Temperature 
However, when the whole data for the year is pooled together, as shown in Figure 8.4, a none-seasonal 
preferred temperature of 24.8 °C was realised. The figure shows two quadratic equations obtained 
from the fitted line plots of wanting warmer and wanting cooler conditions and their respective 
equations are shown as Equations 8.3 and 8.4. 
 
Equation 8.3: Pcooler = 2.6904 - 0.2052Top + 0.0044op2      ….   (r2 = 0.577) 
Equation 8.4: Pwarmer = 1.7231 - 0.0766Top + 0.0008 Top2   ….  (r2 = 0.441) 
 
The none-seasonal preferred temperature is then calculated by equating the two quadratic equations 
obtained, which is 24.8 °C. This is approximately indicated by the intersection of the two curves; 
“Pcooler” and “Pwarmer” in Figure 8.4. 
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Figure 8.4 None-seasonal preferred temperature 
 
8.6 Adaptive Model Equations 
Various results from the thermal comfort field studies have shown that indoor comfort temperature 
as felt by the occupants of free-running buildings (buildings in which during the measurements 
heating/cooling was not in operation) is a function of outdoor temperature (A Auliciems, 1989; 
Humphreys, 1978; Nicol & Humphreys, 2002). For example Humphreys et al. (2010) concluded that 
the comfort temperature can be obtained from the mean outdoor temperature with Equation 8.5.  
Equation 8.5:  Tcomf = 0.53Tout,mean + 13.8                                             
Where Tcomf is the comfort temperature and Tout,mean is the mean outdoor temperature. 
Auliciems(1989) produced a single equation for all buildings covering both naturally ventilated and air-
conditioned buildings and is shown as Equation 8.6. Similarly Nicol conducted surveys in Pakistan, 
where he came up with a relationship as shown in Equation 8.7 (Nicol & Raja, 1996). de Dear & Brager 
(2002) also proposed the relationship between outdoor monthly mean and comfort temperatures as 
shown in Equation 8.8.  
Equation 8.6: Tcomf = 0.31 Tout,mean + 17.6                                             
Equation 8.7: Tcomf = 0.36 Tout,mean + 18.5                                             
Where Tcomf is the comfort temperature and Tout,mean is the mean outdoor 
temperature 
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Equation 8.8: Tcomf = 0.31 Tout,mean + 17.8      
Where Tcomf is the indoor comfort operative temperature (C), Tout,mean is the monthly 
mean outdoor air temperature (°C). 
The ASHRAE Standard 55 adopted Equation 8.8, which was developed from the ASHRAE database from 
across four continents. The standard incorporates a single comfort envelops with a 7 °C range increases 
at 0.31 °C with each degree Celsius. Similarly the EN 15251 adopted Equation 8.9 developed in 
European cities, based on the outdoor running mean temperature, with a range of 6 °C. 
Equation 8.9: Tcomf = 0.33Trm + 18.8    
Where Tcomf is the indoor comfort operative temperature (°C) and Trm is the running 
mean outdoor air temperature (°C).       
From the above it can be concluded that the relationship between comfort temperature and the 
outdoor temperature is a strong one and by extension with the climate. The difference between these 
relationships confirms that there is no universal comfort temperature, thermal comfort as increasingly 
recognized depends upon local climate, culture and type of buildings.  
 
8.6.1 Acceptable Zones of Thermal Comfort 
The possible zones of thermal acceptability which the occupants  of the learning environments are 
likely to find comfortable were analysed by calculating the percentages of those votes within the 
thermal acceptability votes, those in the neutral “0” and those in the three central categories votes of 
sensation “3, 4 and 5”. These percentages were examined against the operative temperature obtained 
in each space on the survey dates, with which polynomial fits were obtained and are shown in Figure 
8.5, which produced Equations 8.10, 8.11 and 8.12 respectively.  From these three relationships, the 
most likely comfort zone (22 °C to 32 °C) with a range of about 10 °C will not receive much complaints, 
therefore Equation 8.10, that is based on 70% thermal acceptability, will be most appropriate for Kano, 
for having a reasonably wide range to cover both the cool and hot seasons, and is found to be wider 
than those shown in Table 8.5 above and those of ASHRAE Standard 55 and EN 15251. 
Equation 8.10: Tcomf = -0.0019Top2 - 0.0851Top - 0.1986 
(Votes of thermal acceptability with a comfort zone of about 22 °C to 32 °C) 
Equation 8.11: Tcomf = -0.0037Top2 + 0.1834Top - 1.9131 
(Votes neutral votes “0” only a few points were above 50%) 
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Equation 8.12: Tcomf = -0.0015Top2 + 0.0718Top – 0.0781 
(Votes in three central categories “3, 4 and 5” only a few points above 70%) 
 
 
Figure 8.5 Percentage of Thermal Acceptability and Thermal Sensation Votes (neutral and the three 
central categories) 
 
8.6.2 Adaptive Comfort Equation for Kano 
A comfort temperature for small data set can be calculated using the Griffiths’ method (Griffiths, 1990).  
In evaluating comfort temperature, Humphreys utilized the Griffiths’ equation (see Equations 8.13 and 
8.14 below) along with a slope of 0.5/°C and Rijal used all the three constants (0.5, 0.33 and 0.25) 
(Mishra & Ramgopal, 2014; Rijal, 2014). Similarly this study used the Griffiths’ equation and a 0.5 
constant, and the comfort temperatures were calculated on the day of each survey and were 
correlated with two different conditions to produce the adaptive equations appropriate for Kano. The 
conditions included the weighted running mean outdoor temperature (Trm) and the outdoor mean 
temperature (Tout,mean), See Tables 8.6 and 8.7 and Figures 8.6 and 8.7 for the respective fitted line 
plots. This is done in line with the ASHRAE 55 and the EN 15251 standards with a view to finding which 
of them is most applicable in predicting the comfort temperature for the region. The obtained adaptive 
comfort equations, their r2 and p values are further presented in Table 8.8.  
  Equation 8.13:  Tcomf = Tout,mean - AMV/α 
3634323028262422
100.00%
80.00%
60.00%
40.00%
20.00%
0.00%
Top (°C)
Pe
rc
en
ta
ge
 in
 C
om
fo
rt
Thermal Acceptability
Thermal Sensation (Neutral)
Thermal Sensattion (3, 4 & 5)
Variable
Scatterplot of Thermal Acce, Thermal Sens, Thermal Sens vs Top (°C)
Chapter Eight 
Page 233 of 356 
 
  Equation 8.14: Tcomf = Trm – AMV/ α 
Where Tcomf is the comfort temperature, T is the Tout,mean or Trm, AMV is the mean thermal 
sensation votes, and α is Griffiths' constant i.e. rate of thermal sensation change with room 
temperature which is 0.25 or 0.33 or 0.5. 
 
Table 8.6 Comfort Temperatures based on Griffiths' Equation using Trm and α 
= 0.5 
Learning Environments Midseason  Winter Summer 
AKTH  27.6 27.5 34.6 
Dandatti  28.6 25.3 28.9 
FEES  27.8 28.3 31.5 
I H Umar  27.6 26.9 31.4 
MPL 27.7 29 33.8 
PHL 31 24.7 29.7 
 
 
 
Figure 8.6 Regression line of Tcomf(Trm and α = 0.5) Vs Trm 
 
 
Table 8.7 Comfort Temperatures based on Griffiths' Equation using Tout,mean 
and α = 0.5 
Learning Environments Midseason  Winter Summer 
AKTH  28.1 27.5 33.7 
Dandatti  28.9 25.3 31.7 
FEES  30.8 27.9 31.9 
I H Umar  28 32.9 32.4 
MPL 31.3 30.1 33.1 
PHL 28.7 22.9 30.8 
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Figure 8.7 Regression line of Tcomf(Tout,mean and α = 0.5) Vs Trm 
 
Table 8.8 Adaptive Comfort Equations based on α = 0.5 
Equation 8.15: Tcomf(Trm) = 11.89 + 0.5727 Trm r2 = 79.5% (p = 0.000) 
Equation 8.16: Tcomf(Tout,mean) = 15.13 + 0.4902 Trm r2 = 49.3% (p = 0.001) 
                                
Among the two adaptive comfort equations obtained above, all of them are statistically significant 
having p < 0.05, but the one based on the running mean temperature (Equation 8.15) has the highest 
r2 value of 80%. The coefficient of 0.57 suggests an increase of 1.8 °C of comfort temperature for every 
increase of one degree in Trm, this is much lower than those of EN15251 and ASHRAE 55 standards. 
Similarly the obtained intercept value of 11.89 °C, is also lower than those of EN 15251 (18.8 °C) and 
ASHRAE 55 (17.8 °C). However, Equation 8.16 that is based on Tout,mean has a coefficient (0.49) and an 
intercept (15.13 °C), these are much closer to those of ASHRAE 55 and EN 15251. A comparison of their 
respective charts is shown in Figure 8.8, where the comfort lines from Equations 8.15 and 8.16 are 
roughly set within and between the upper and lower boundaries of the two adaptive comfort 
standards’ thresholds. However, Equation 8.16, which was realised using Tout,mean in the Griffith’s 
equation, gave a closer resemblance with the two adaptive standards’ equations, although it has 
higher coefficient of 0.49 and narrower constant of 15.13 °C. 
Equation 8.15:      Tcomf = 0.57Trm + 11.89   ………………………..  (Using Trm) 
Equation 8.16:       Tcomf = 0.49Trm + 15.13   ……………………….    (Using Tout,mean) 
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Figure 8.8 Comparison the obtained equation with adaptive thermal comfort standards’ equations  
 
8.7 Discussion and Summary  
Thermal comfort fieldworks provide great opportunities for evaluating the environmental conditions 
of buildings across the globe at lower cost than the climate chamber-based studies. A number of 
studies (see Table 8.1) conducted in the tropical regions of the world show that respondents even 
lower than 100 could be surveyed to obtain meaningful results. From the foregoing analysis, two 
different neutral temperatures were obtained for Kano based on operative and indoor running mean 
temperatures, these are 27.4 °C, and 28.1 °C respectively. All the evaluated neutral temperatures are 
higher than two out of the three neutral temperatures earlier evaluated in Nigeria; Port Harcourt 
(23.13 °C) and Jos (26.27 °C), but that of Enugu (28.8 °C) is higher than all of them.  
Surprisingly the obtained winter preferred temperature of 26.5 °C happens to be lower than the 
neutral temperature of 27.4 °C by 0.9 °C, but higher than the none-seasonal preferred temperature of 
24.8 °C by 1.7 °C. Therefore using the said neutral temperature of 27.4°C, which is based on the 
operative temperature, the comfort zone of 23 °C to 32 °C with a range of 9 °C was realised and is 
found to be higher than the range of ASHRAE (7 °C) and that of EN 15251 (6 °C). Similarly a comfort 
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zone of 22 °C to 32 °C was realised based on the evaluated percentage of acceptability votes against 
the Top for 70% acceptability. 
Griffiths’ method was used in obtaining the adaptive comfort equation, by using the weighted outdoor 
running mean and outdoor monthly mean temperatures. Although the equation based on the Trm has 
the highest r2 value, the one based on the Tout,mean is closer to those of ASHRAE 55 and EN 15251. Having 
tropical climate, electrical energy issue and with a rising high population that demands higher 
education facilities, Nigeria could greatly benefit from the development and implementation of an 
adaptive comfort standard. In the absence of a tailor made adaptive standard/equation for the whole 
of Nigeria, this study recommends the adoption of EN 15251 equation for the country, and the use of 
Equation 8.15, obtained using the Tout,mean, which could however be further explored to ascertain its 
efficacy. 
Further analysis in respect of correlating architectural design characteristics of the learning 
environments in the university with measured results and occupants’ perceptions as well as the 
ranking of the IEQ parameters are undertaken in Chapters 9 and 10 respectively. 
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Chapter 9  
Correlating Architectural Features of the Learning 
Environments with Measured Results and Occupants’ 
Perceptions 
9.1: Introduction 
The main focus of this chapter is the identification of architectural design characteristics and how they 
impacted on the indoor environmental performances of the six selected learning environments in 
Bayero University, Kano. The identification was conducted through physical measurements and 
observations during the fieldwork. Subsequently correlations of the measured and perceived results 
with the various architectural design features of the learning environments in the university were 
conducted. This is an attempt to elicit an understanding of potential relationships between the design 
characteristics of the spaces and the obtained comfort indices. 
Differential levels of indoor comfort of any two buildings can be explained through three main factors, 
the climatic conditions of their sites, the characteristics of their occupants and their architectural 
designs (Kanagaraj & Mahalingam, 2011; Zhao & Magoules, 2012). In tropical hot and dry regions, solar 
gain is the most troublesome, as it is the largest and most variable source of heat gain the buildings 
experience, leading to significant levels of cooling requirements to maintain comfort indoors (Kotsy et 
al., 2009). It is generally accepted that achieving indoor environmental comfort for occupants and the 
desire to cut down energy costs could not be met without the input from the buildings’ occupants (Al 
horr et al., 2016; M. A. Humphreys et al., 2010; Nicol et al., 2012; Omer, 2008). Various architectural 
design components are employed by designers to achieve and maintain indoor environmental comfort 
as well as for aesthetics. For the purpose of contextualizing the study therefore, the climatic conditions 
of Kano, the derived comfort indices and the occupants’ perceptions, and architectural design features 
are also briefly reviewed in the chapter.  
Today the craving for status and aesthetics led to the erection of iconic structures that had no bearing 
with the local climate or culture of its locality. These edifices, especially in developing world, were 
rather constructed for the purpose of identifying with international trend, which has standardized 
requirements associated with such buildings (Boestra, 2010). Although this trend largely affects office 
buildings, its contagious effect are felt by other building types. This situation makes an increasing 
number of buildings completely reliant on other secondary systems, such as heating, ventilation and 
Chapter Nine 
Page 238 of 356 
 
air conditioning (HVAC) to create the desired internal climate. These systems are unsustainable and 
expensive to install and maintain, this is especially true for developing nations like Nigeria, where 
access to electricity is for the privileged few (Akande, 2010; Bugaje, 2006; Inusa & Alibaba, 2017). 
Architects and other designers have a role to play by re-embracing the tenets of passive design 
solutions, which utilize the opportunities offered by the local climate and the site conditions. This does 
not mean that traditional design techniques and past design practices are to be literally replicated, it 
suggests that there are lessons to be learnt and opportunities to be applied in contemporary buildings, 
such that the reliance on secondary systems for comfort can be significantly minimized. Similarly given 
the increased interest in energy efficiency in buildings and the global requirements in the need to 
reduce the greenhouse gas emissions, and the precarious nature of energy generation in Nigeria, a 
review of literature on the passive design solutions and techniques are discussed. These solutions and 
techniques are those that are practically adaptable in improving environmental conditions of buildings 
in hot and dry climates such as that of Kano.  
 
9.2: Passive Design Solutions 
Vernacular architecture teaches the importance of climate in the provision of shelter resulting in the 
different building typologies found around the world, from a courtyard house in the hot arid regions 
of Northern and Western Africa to the compact buildings with thermal hearths in Northern Europe (J. 
M. Evans, 2007). Passive design principles are primarily naturally driven, are means by which indoor 
environments are enhanced with minimal or without the use of mechanical heating, lighting, cooling 
and ventilation (Sadineni et al., 2011). The main climatic concern for buildings in tropical climates, 
especially in Northern Nigeria, is high temperature, low humidity and high solar radiation (Olgyay, 
2015). Passive solutions integrate building designs, material selection and construction techniques in 
the manipulation of the sun, climate and wind to regulate the indoor environment for comfort, and 
which eventually contributes to the reduction in the use of fossils fuels and the lowering of greenhouse 
gas emissions.  
Passive design solutions have the potentials of optimizing human comfort, health and wellbeing within 
a building and at the same time minimizing energy usage (Lomas, 2007). Besides the reduction in the 
greenhouse gas emissions, embracing the tenets of passive design solutions is particularly important 
for the African continent, as it can have an influence on the negative effect the continent faces as a 
result of global warming in the 21st Century (IPCC, 2007). It was further predicted that the projected 
temperature increase in tropical Africa will occur faster than other regions of the world due to the 
Chapter Nine 
Page 239 of 356 
 
prevalence of small natural climate variability in the continent (Niang et al., 2014). Despite this 
warning, several studies have indicated that, often passive design strategies are not adequately 
considered in the design of contemporary buildings in cities across the African continent (Adaji et al., 
2015; Isa et al., 2016; Modeste et al., 2014; Ogbonna & Harris, 2008).  
It is evident from the above that passive design strategies are vital for tropical Africa in general.  It is 
therefore pertinent to highlight on the passive design drivers and the applicable design strategies that 
are known to bring about indoor comfort and improvement in building efficiency in the hot and dry 
climate such as that of Kano, Nigeria.  
 
9.3: Passive Comfort Drivers  
The main factors that influence the indoor comfort in a given region, as stated earlier, are its climatic 
conditions, mainly solar radiation and wind movement pattern, though are beyond the control of 
designers, they must be considered in order to optimize the environmental performances of buildings. 
It is understood from the reviewed literature that the recurring natural elements influencing the 
environmental performance of buildings include solar radiation, air temperature, air moisture content 
and air movement (ASHRAE, 2009; Givoni, 1998; Thellier et al., 2009).  Detailed discussions on these 
can be found in Section 3.10.1, however, some reiteration could be desirable.   
 
9.3.1: Sun Path 
Latitudes of locations determine their sun paths, affect the lengths of daytime experienced and the 
amount of daylight received during a given season. During the winter (Dec 21) solstice, Kano witnesses 
the rising sun from the southeast at a low angle above the southern horizon, and sets in the southwest. 
Days are relatively shorter and shadows are relatively longer in the northern orientations. South 
oriented buildings receive higher thermal energy than other orientations. During the summer (June 
21), the sun rises in the northeast and sets in the southwest with relatively longer days. During the 
equinoxes (March 21 and Sept 21) however, the sun rises directly from the east and sets due west with 
equal length of days and nights. 
 
9.3.2: Air Movement 
Passive design solutions make use of wind assisted air movement through openings, where cooler and 
fresher air replaces hot and stale air within a building, this provides a cooling effect to the occupants 
Chapter Nine 
Page 240 of 356 
 
and reduces the discomfort due to poor air quality (Olgyay, 2015). Air moves because of differences in 
heating and flows from an area of higher pressure to an area of lower pressure. The condition of the 
air from the earth is hottest at the equator, therefore it moves and gets cooler toward the poles. By 
the time this moving air, known as “trade wind”, reaches 30° north or south latitude, it cools and sinks 
to the surface. And then flows over the surface back to the equator. As Kano lies on latitude 12 °N, it 
is therefore under the influence of these trade winds, in the winter the wind is cool and dry (northeast 
trade winds) and it is warm and wet in the summer (southwest trade winds). As a result Kano receives 
an average of 3,117 hours of sunlight annually and it is sunny 71% of daylight hours. 
 
9.4: Passive Design Applications 
A passive design strategy therefore incorporates the design talents of a planner in manipulating these 
natural processes and resources to optimize cooling, heating, lighting and ventilation for the indoor 
spaces with little or no mechanical assistance. Three passive design solutions theories exist; that of 
prevention, delay and expulsion of solar radiation, are found to be the best approaches in optimizing 
indoor comfort in a region that is characterized with hot and dry conditions due to high solar radiation 
and low humidity (Dilshan et al., 2008). Considering the foregoing therefore, the following design 
strategies are re-highlighted for application in the hot and dry climate of Nigeria to achieve indoor 
comfort: 
• Buildings orientation affects ventilation, solar heat gain/loss and daylight; 
• Building geometry/compactness factor (CP) affects heating/cooling, daylight and acoustics 
qualities; 
• Window-wall ratio (WWR) affects heating/cooling loads, daylight and quality of view;  
• Fenestration factor affects building’s lighting quantity and distribution; 
• Sun shading devices (SS) affect heating/cooling loads, air movement, daylight and quality of 
view; 
 
9.5: Data Collection 
The characteristics of the six selected learning environments were the first to be determined during 
the selection process of the buildings, details of which were discussed in Chapter 4. The architectural 
design characteristics that are often passively employed in hot and dry climates are very many, as seen 
above, however from the literature, four main ones were identified and recommended (Ardiani & 
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Koerniawan, 2017; Inusa & Alibaba, 2017; Kamal, 2012; Lomas, 2007; Zomorodian & Nasrollahi, 2013). 
The four design features include building orientation, building form or compactness factor, window–
wall ratio and presence of shading devices. Thus the data collected during the selection exercise were 
focused on these four parameters. Some of the units of the measurements of these features were 
explicit and well known, others had to be improvised. Orientations are measured in degrees (0° to 
180°) from north to south in a clockwise direction, and from 0° to -180° for the north to south in anti-
clockwise direction. Compactness factor is a ratio of surface area to volume, the window-wall ratio is 
reported in percentages, and the improvised element which is the effectiveness of the shading devices 
(is also reported in percentages), details of which are given below: 
 
9.5.1: Architectural Design Characteristics 
9.5.1.1 Building Orientation 
This is the relationship between the buildings and the geographical directions; such as North, South, 
East, and West, these were easily identified and recorded. This characteristic considers the building’s 
longer axis orientations, they relate the buildings to the location of the sun which is a source of solar 
radiation and daylight and to the wind directions. The number of walls that have windows was also 
documented. For the purpose of the analysis the orientations were accorded the appropriate degrees, 
for example a building that faces north has 0°, that faces north-east has 45°, east has 90°, south has 
180°, the façade facing west has -90° (270°)  and that faces north-west has -45° (315°).  
 
9.5.1.2: Building Compactness (CF) 
Building compactness factor examines the building form in general, it describes the plan layout, 
whether narrow, compact or deep plan, it reveals the relationship between height and length, etc. and 
are termed as the form factor or the building compactness factor. It is the total surface area of the 
building divided by its total volume and is expressed per meter (m-1). The buildings compactness factors 
were calculated and recorded from the drawings, where they exist, otherwise by physical 
measurements. In hot and dry climates, the lower the compactness factor of a building the higher the 
likelihood of having higher levels of daylight and ventilation while minimizing the heat exchange 
process. 
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9.5.1.3: Window-Wall Ratio (WWR) 
The transparency ratio or window to wall ratio (WWR) criteria is widely used to denote the relationship 
between a building’s opacity and its glazed wall area and is calculated by dividing the net glazed area 
by the gross external wall area. According to Baker et al. (1993) a moderate ratio of between 15% and 
30% is the best. The NBC (2006) offers a maximum value of 10% transparency ratio. The WWRs too 
were easily calculated using the sum of areas of all the glazed surfaces, which separate indoors and 
outdoors, divided by the areas of the walls containing them. 
 
9.5.1.4: Shading Devices (SS) 
This examines the type of shading devices contained in the building, its projections and the total area 
of the opening covered at different times. Of key importance is the area of all the openings the shading 
devices cover during the measurement exercise. For this particular parameter, measurements 
(estimations) were conducted three times on each building, at 10.00, 13.00 and 16.00, during the mid-
season. At each period percentages of window areas shaded by the shading devices were estimated 
and at the end of the exercises, the three percentages were averaged. The areas of the windows are 
already known, estimates were then made for the percentages of the shadow cast by the shading 
devices on the openings they shade. The higher the percentage of the shading the more the direct 
solar radiation is prevented from penetrating the space and this also affects the amount of daylight 
the space receives. Photographs of MPL are shown in Figure 4.1 depicting measuring process of the 
shadow cast by the shading devices. 
 
9.5.2: Measuring the Environmental Parameters  
Using the above four design characteristics, the six learning environments were finally selected upon 
which the research was based. In order to establish the environmental performances of the six spaces 
indoor environmental quality (IEQ) indices need to be evaluated, and these include thermal, visual, 
acoustic and indoor air qualities. Each one of these indices was evaluated through the interplay of 
certain variables. The thermal comfort was defined by four variables; air and mean radiant 
temperatures, air velocity and relative humidity, as well as two personal factors of metabolic rate and 
clothing insulation. The visual comfort was defined using quantity and quality of illuminance. The 
acoustic quality was defined by background noise levels and reverberation times. While the indoor air 
quality was evaluated through CO2 concentrations and levels of particulate matter in the spaces. These 
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were measured using various instruments as discussed in section 4.6. The environmental 
measurements were conducted in three separate seasons. 
9.5.3: The Survey 
As detailed in Section 4.7, paper-based questionnaires were prepared and administered to the 
occupants in each of the six selected learning spaces during the three occasions. The occupants’ 
perceptions and opinions on the thermal, acoustic and visual comfort as well as the indoor air quality 
performances of the learning environments were asked. 
 
9.6: The Results 
The results are presented under three main headings: architectural design characteristic of the 
learning environments (orientations, window-wall ratio, compaction factor and effect of shading 
devices), environmental measurements (dealing with the measured IEQ variables) and survey results 
(dealing with the IEQ perceptions of the occupants). The assessed results are shown in Tables 9.1 to 
9.3 according to the seasons. Further to this, three days were selected, one day each from the three 
seasons for another round of correlation using the logged data for those dates. These days coincided 
with Wednesday, the 24th August, 2016; Tuesday, the 24th January, 2017 and Monday, the 24th April, 
2017. Data for working hours for working days from 8.00 am to 6.00 pm were used. The PMV calculated 
with logged data, lighting levels and CO2 concentrations for those days were the only ones used in the 
correlations. Air and radiant temperatures as well as the relative humidity were the only PMV variables 
logged. In the case of air velocity, clothing insulation and metabolic rate, the seasonal averages in each 
learning environment were used. The logged data and derived results for the three days are presented 
in Tables 9.4a, b and c below. 
9.6.1 Architectural Design Characteristics 
The four architectural design characteristics are constant and do not change with the season, are 
therefore repeatedly reported across the three seasons. The process of their assessment was earlier 
explained, the results of which are shown in Tables 9.1 to 9.3 and are further discussed below: 
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Table 9.2 Design features, IEQ parameters and survey results (Winter) 
Learning 
Environment
s/ Attributes 
Building 
Orientati
on (°) 
Compactne
ss factor 
(m-1) 
Glazing 
area 
(m2) 
WWR 
(%) 
Shadin
g 
devices 
(%) 
Global 
light 
(lux) 
Natural 
light 
(lux) 
Unifor
mity 
ratio 
Global 
light 
satisfacti
on 
Natural 
light 
satisfacti
on (%) 
CO2  
(ppm
) 
Backgr
ound 
noise 
dB(A) 
Deviation 
from 
neutral 
temp (°C) 
Air 
temp  
(°C) 
PMV PP
D 
(%
) 
AMV AP
D 
(%
) 
AKTH 5 0.21 55 27 25 1204 1084 0.33 97 97 651 43.8 -1.7 25.3 0.38 8 -1.03 25 
Dandatti 45 0.21 54 21 38 835 629 0.69 87 79 1136 51.8 -3.6 28.2 -0.21 6 -0.74 42 
FEES -15 0.25 23 10 28 1072 838 0.34 86 83 636 40.8 2.7 29.2 1.35 43 -0.75 27 
I H Umar 10 0.28 28 21 32 716 545 0.73 90 76 665 51.6 -2.0 30.2 0.25 6 -1.03 34 
MPL 10 0.23 42 19 72 233 196 0.37 100 88 720 49.3 1.1 30.6 1.42 47  0.08 34 
PHL 95 0.39 20 16 56 448 187 0.37 100 100 645 43.6 -3.1 26.5 0.35 7 0.33 23 
Table 9.3 Design features, IEQ parameters and survey results (Summer) 
Learning 
Environments
/ Attributes 
Building 
Orientati
on (°) 
Compactne
ss factor 
(m-1) 
Glazing 
area 
(m2) 
WWR 
(%) 
Shadin
g 
devices 
(%) 
Global 
light  
(lux) 
Natural 
light 
(lux) 
Unifor
mity 
ratio 
Global 
light 
Satisfacti
on 
Natural 
light 
Satisfacti
on (%) 
CO2  
(ppm
) 
Backgr
ound 
noise 
dB(A) 
Deviation 
from 
neutral 
temp (°C) 
Air 
temp 
(°C) 
PMV PP
D 
(%
) 
AMV AP
D 
(%
) 
AKTH 5 0.21 55 27 25 1043 885 0.32 100 100 576 49.4 4.1 35.6 2.02 78 0.93 56 
Dandatti 45 0.21 54 21 38 604 580 0.69 82 81 907 50.3 1.4 35.5 1.03 27 2.29 60 
FEES -15 0.25 23 10 28 512 454 0.59 86 86 1048 47.0 3.0 34.4 1.56 54 1.44 37 
I H Umar 10 0.28 28 21 32 656 597 0.47 79 82 646 57.6 3.7 36.7 1.46 49 2.20 75 
MPL 10 0.23 42 19 72 217 105 0.42 88 69 864 52.2 2.8 35.7 1.29 40 1.23 62 
PHL 95 0.39 20 16 56 350 275 0.46 100 95 510 40.1 3.5 33.3 1.11 31 1.33 22 
 
Table 9.1  Design features, IEQ parameters and survey results (Midseason) 
Learning 
Environment
s/ Attributes 
Building 
Orientatio
n (°) 
Compactn
ess factor 
(m-1) 
Glazing 
area 
(m2) 
Windo
w-wall 
ratio 
(%) 
Shadin
g 
device
s (%) 
Global 
light  
(lux) 
 Natural  
ight  
(lux) 
Unifor
mity 
ratio 
Global 
light 
Satisfacti
on (%) 
Natural 
light 
Satisfacti
on (%) 
CO2  
(ppm
) 
Backgr
ound 
noise 
dB(A) 
Deviation 
from 
neutral 
temp (°C) 
Air 
temp  
(°C) 
PMV PPD 
(%) 
AMV AP
D 
(%) 
AKTH 5 0.21 55 27 25 805 731 0.35 91 93 545 37.1 -0.4 27.2 0.36 8 -0.08 6 
Dandatti 45 0.21 54 21 38 922 643 0.85 68 76 779 48.3 1.5 29.7 0.89 22 0.12 28 
FEES -15 0.25 23 10 28 976 845 0.56 86 87 629 43.8 -0.8 26.8 0.24 6 -0.20 40 
I H Umar 10 0.28 28 21 32 865 762 0.78 34 85 946 52.6 1.5 34.4 1.28 39 1.50 58 
MPL 10 0.23 42 19 72 262 235 0.37 79 93 784 50.3 2.2 31.5 1.17 34 0.77 46 
PHL 95 0.39 20 16 56 286 188 0.58 95 84 727 50.0 -0.5 28.3 1.00 26 -0.38 19 
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Table 9.4 Showing the data and derived values for selected dates 
a = 24th August, 2016 
Learning 
Environments/Attributes 
Glazing 
area (m2) 
Fenestration 
factor 
Illuminance 
level (lux) 
CO2 
(ppm) 
Air temp. 
(C) 
PMV 
AKTH 55 14.4 302 635 29.7 1.01 
Dandatti 54 13.7 247 448 31.0 1.15 
FEES 23 8.7 188 662 30.6 1.47 
IH Umar 28 13.2 228 467 34.1 2.38 
MPL 42 13.5 164 678 29.7 1.04 
PHL 20 15.4 - 415 29.0 0.93 
 
 
b = 24th January, 2017 
Learning 
Environments/Attributes 
Glazing 
area (m2) 
Fenestration 
factor 
Illuminance 
level (lux) 
CO2 
(ppm) 
Air 
temp. 
(C) 
PMV 
AKTH 55 14.4 369 543 29.1 1.35 
Dandatti 54 13.7 267 473 29.2 1.05 
FEES 23 8.7 204 - 28.5 1.02 
IH Umar 28 13.2 244 568 29.0 1.31 
MPL 42 13.5 176 684 28.9 1.36 
PHL 20 15.4 282 448 27.1 1.07 
 
 
c = 24th April, 2017 
Learning 
Environments/Attributes 
Glazing 
area (m2) 
Fenestration 
factor 
Illuminance 
level (lux) 
CO2 
(ppm) 
Air temp. 
(C) 
PMV 
AKTH 55 14.4 338 602 35.2 2.01 
Dandatti 54 13.7 226 672 34.7 1.74 
FEES 23 8.7 175 859 35.1 1.80 
IH Umar 28 13.2 213 - 35.7 1.94 
MPL 42 13.5 134 544 33.3 1.33 
PHL 20 15.4 270 525 29.2 0.58 
 
 
9.6.1.1 Building Orientation 
The buildings’ longer axes orientations were assessed and reported. In Tables 9.1 to 9.3 the 
orientations are reported in degrees. Thus the longer axis of AKTH faces north at 5°, while that of 
Dandatti faces northeast at 45°. Those of IH Umar and MPL face the same direction, that is north at 
10°, while that of PHL faces east at 95° and that of FEES faces north-north-west at -15°. From the 
literature it is understood that longer axes of buildings in tropical regions should lie along east-west 
direction (Baker & Steemers, 2002; Heywood, 2012; Kamal, 2012; McMullan, 2017), which means they 
should face either north or south directions. From the above, it is seen that four of the spaces face 
approximately north direction (AKTH, IH Umar, MPL and FEES).  
 
9.6.1.2 Compactness Factor (CF) 
All the selected spaces are rectilinear in shape, with a clear difference between the length and 
breadths. From the table it can be seen that PHL with 0.39 m-1 compactness factor is the most 
elongated space while AKTH and Dandatti with 0.21 m-1 are the most compact.  From the literature, it 
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has been shown that in the hot and dry climates, the lower the compactness factor of a building the 
better the opportunity it has for enhanced daylight and natural ventilation. This therefore means that 
AKTH and Dandatti stand better chances for good indoor environmental performances based on this 
parameter. 
 
9.6.1.3 Window–Wall Ratio (WWR) 
The window-wall ratio is expressed in percentages and obtained by dividing the total areas of the 
windows by the total areas of the space’s wall surfaces. From the assessment, AKTH has the highest 
WWR of 27%, while FEES has the lowest with only 10%. Literature shows that WWR of below 15% is 
low, while that which is above 30% is quite high, the best therefore falls within these two boundaries.  
In relation to this parameter, fenestration factor (FF) is introduced, which is the ratio of the total 
window area to the building’s total floor area and not with the wall area. From Table 9.4, it is shown 
that PHL with 15.4% fenestration factor leads the spaces in this regard, while FEES with 8.7% is the 
least. This shows that FEES does not meet even the NBC’s recommendations, for it has less than 10% 
fenestration factor. Furthermore, its windows are the aluminium sliding type, which ensures only half 
of the area of the windows are operable. The National Building Code of Nigeria is the only regulatory 
body that made a recommendation in this regard, and recommends two minimum values. Window 
operable area should be 5% or more of the total floor area, this is provided to facilitate air movement, 
while a minimum of 10% of the floor area is recommended for the total glazing area (to facilitate 
daylight entry and for the outdoor view). 
 
9.6.1.4 Effectiveness of Shading Devices (SS) 
The average percentage of shadows cast by the shading devices are also shown in Tables 9.1 to 9.3 
above. A high percentage coverage of 72% was estimated in MPL, three of its four sides have windows, 
the northern side, is completely covered with an internal veranda, while the eastern and southern 
sides are well shaded by roof over-hang and wall fins. Figure 9.1a shows how the southern and eastern 
facades’ windows are shaded in MPL. AKTH with only 25% shading coverage, was found to be the space 
with the least shading, it has large windows and very little shading. The window-walls of the AKTH face 
north and south, at around midday the solar radiation could be quite unbearable. Figure 9.1b shows 
the photograph of glare which the occupants have to contend with in AKTH. The photograph shows 
the northern interior in the theatre, the effect would however be more severe on the southern interior. 
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a = Shading of Southern and Eastern Façades in MPL 
 
 
b = Glare from the Northern façade in AKTH  
Figure 9.1 Effect of shading on MPL and AKTH 
 
9.6.2 IEQ Indices based on Measurements 
The indoor environmental quality (IEQ) of the learning environments were evaluated based on its four 
parameters; thermal, visual and acoustic comfort and indoor air quality, these were further defined by 
other indicators. In order to define the environmental performances of the space, the following IEQ 
indicators are used: predicted mean votes (PMV), predicted percentage dissatisfied (PPD), percentage 
of readings of overheating (TM52), air temperature, deviation from adaptive neutral temperature, 
background noise levels, uniformity ratio, levels of  illumination (natural and global light) and CO2 
concentration. The results in the midseason measurements show that all the spaces were warm as 
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indicated by the positive values of the PMVs, however, the percentages of the dissatisfied were low, 
in both AKTH and FEES less than 10% of the occupants were dissatisfied.  
 
9.6.3 IEQ Indices based on the Surveys  
The comfort indices from the survey results applied in the correlation analysis include the levels of 
satisfaction or dissatisfaction with the thermal conditions of the spaces, evaluated through actual 
mean votes (AMV) and actual percentage dissatisfied (APD). While for the visual comfort, acoustic and 
IAQ, satisfaction with the levels of natural light, background noise and CO2 concentration as perceived 
by the occupants were used respectively. For details of the results refer to sections 7.4.4 to 7.4.7. 
 
9.6.4 Analysis and Discussion 
Simple and multiple regression analyses were conducted on the comfort indices, which are the 
predicted (dependent) variables, against the architectural design features, being the predictors 
(independent variables). Measured and perceived results of the IEQ parameters were first paired 
against each of the individual design characteristics and then paired against their combined effect. 
Table 9.5 shows the summary of the resulting r2 and p values of the relationships, similarly the 
regression equations obtained were shown in the individual charts of the relationships.  
From the relationships shown in Table 9.5 and in the subsequent charts, it is understood that thermal 
comfort indices represented by PMV and AMV were less affected by the four architectural design 
characteristics either individually or in combination. However, level of natural light was significantly 
influenced by shading devices and the combined effect of the four design characteristics, which 
seemed to be dominated by the effects of shading devices. Similarly the occupants seemed to agree 
that when the four design characteristics were put together they exacted some influence on their 
satisfaction levels. Interestingly, the shading devices which had significant impact on the lighting 
quantity had no such influence on the visual satisfaction of the occupants. 
As for the levels of background noise, the combined effect of the four design characteristics was more 
effective than any of them individually. CO2 concentration level was not dictated by any of the design 
characteristics, but their combination had some impact. Their combination also had appreciable 
influence on the general IAQ satisfaction of the occupants.  
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Table 9.5: Results of regression analysis of architectural design characteristics versus comfort indices: showing  r2(p) 
Architectural Design 
Characteristics 
PMV (spot 
data) 
AMV Logged 
Daylight 
Visual 
Quality 
Satisfaction 
Background 
Noise 
Acoustic 
Quality 
Satisfaction 
Logged CO2 
Concentration 
IAQ 
Satisfaction 
Building orientation 4.5(0.400) 0.0(0.833) 2.1(0.420) 2.2(0.555) 0.4(0.804) 6.1(0.323) 0.7(0.741) 13.2(0.138) 
Compactness factor 0.1(0.902) 0.3(0.826) 26.3(0.030) 5.3(0.359) 1.6(0.617) 15.4(0.107) 8.9(0.230) 12.1(0.157) 
Window-wall ratio (WWR) 0.6(0.753) 0.0(0.967) 9.0(0.226) 3.0(0.492) 2.9(0.497) 11.2(0.175)       1.8(0.594) 0.0(0.972) 
Fenestration factor (FF) 1.4(0.638) 0.3(0.821) 9.8(0.205) 6.2(0.317) - - 4.4(0.403) 10.5(0.189) 
Shading devices 2.3(0.552) 2.0(0.575) 78.1(0.000) 0.8(0.731) 3.6(0.450) 13.0(0.142) 0.4(0.802) 7.3(0.277) 
Combined variables (with WWR) 14.7(0.695)  2.2(0.344)   84.9(0.000) 17.3(0.619)  10.6(0.815)  25.5(0.391)  28.2(0.330) 18.0(0.597)  
Combined variables (with FF) 14.7 (0.695) - 85.0 (0.000) - - - 29.3 (0.305) - 
Relationships between the characteristics and logged indices on some selected days; the 24th of August, 2016, 24th of January and 24th of April, 2017. 
Architectural Design 
Characteristics 
PMV (logged 
data) 
 Logged 
Daylight 
   Logged CO2 
Concentration 
 
Building orientation 24.0(0.039) - 8.3(0.262) - - -   42.1(0.007) - 
Compactness factor 10.9(0.182) - 0.1(0.905) - - -    18.3(0.099) - 
Window-wall ratio (WWR)   3.5(0.456) - 39.0(0.007) - - -        6.9(0.326) - 
Fenestration factor (FF)    5.9(0.333) -   26.2(0.036) - - -   44.8(0.005) - 
Shading devices 16.5(0.094) -   25.6(0.038) - - -    1.4(0.660) - 
Combined variables (with WWR)  33.5(0.224)  - 78.0(0.001) - - - 55.7(0.046) - 
Combined variables (with FF)  33.0(0.233) - 79.3(0.000) - - - 55.1(0.049) - 
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9.6.4.1 Predicted Mean Votes (PMV) 
The predicted mean vote (PMV) was first paired against the combined effect of the design 
characteristics; building orientation, compactness factor, window-wall ratio and shading devices, and 
the relationship equation. This is accompanied with an r2 of 4.5% and a p value of 0.400, and are shown 
in Table 9.5. Similarly the regression equations for the relationship between the PMV and the individual 
design characteristics, and their corresponding r2 and p values are shown in Table 9.5 and in the 
accompanying charts. These figures show that there is not much relationship between the PMV and 
the architectural design characteristics individually or in their combination as depicted by the low 
levels of r2 and the high values of p. Figures 9.2a to 9.2e show the charts of the PMV in relation to the 
individual characteristics for the PMV calculated from spot measurements, while Figures 9.2a’ to 9.2e’ 
are for the PMV obtained from logged values. 
For the logged PMV, although it shows higher values than the previous, the relationships were still not 
significant. The only significant relation was between the logged PMV and the building orientation 
having an r2 value of 24% and a p value of 0.039. Similarly the combined effects of the characteristics 
produced an r2 value of 33%, and the p value was higher than the chosen p value of 0.05. Additionally 
another design characteristic, the fenestration factor (FF), was introduced as a substitute to WWR, 
because some standards especially in Nigeria use FF as against WWR. Still there was no significant 
effect on indoor comfort between using the WWR or the FF.  
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Figure 9.2 PMV and Logged PMV versus architectural design characteristics 
 
9.6.4.2 Actual Mean Vote (AMV) 
The actual mean vote (AMV) is the average votes of all the respondents to a survey who voted on a 7-
point thermal sensation scale in a real-world situation, as described in section 7.4.4. The correlation 
results of the combined effect of the design characteristics with the AMV are depicted in Figure 9.3 
and the values of r2 and p from Table 9.5. The four design characteristics put together had a very low 
impact (r2 = 2.2% and p = 0.344). This is in complete agreement with the “no effect” the design 
characteristics had on the measured PMV. Individually, the design characteristics also had little effect 
on how the occupants perceived their spaces, as shown in Table 9.5 and Figure 9.3. This too is in 
agreement with what was obtained using the physically measured variables. The charts in Figures 9.3a 
to 9.3e show the individual relationships of the design characteristics to the AMV. 
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Figure 9.3 AMV versus architectural design characteristics 
 
9.6.4.3 Natural Light Levels (lux) 
The combined effect the design characteristics had on the quantity of natural light in the learning 
environments was quite high, r2 was up to 84.9% and p = 0.000, as depicted in Table 9.5 and in Figure 
9.4. However, when the characteristics were taken individually, only shading devices coverage (r2 = 
78.1% and p = 0.000) and to some extent compactness factor (r2 = 26.3% and p = 0.030) had significant 
influence on the level of natural light in the spaces. These were arrived at using the equations produced 
in the charts of Figure 9.4.  
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Figure 9.4 Natural light (lux) versus architectural design characteristics 
 
9.6.4.3 Logged Illuminance Levels (lux) 
Logged values of global illuminance for the three selected days were also correlated with the design 
characteristics, the results are shown in Table 9.5 along with the values of natural light which are 
shown in brackets. The three characteristics relating to windows (FF, WWR and SS), show a significant 
relationship with the logged illuminance levels. But building orientation and the compactness factor 
had no significant influence on it. However, the combination of the characteristics had a significant 
influence on the level of the logged illuminance levels in the spaces. These are shown the charts of 
Figure 9.5.   
1007550250
400
350
300
250
200
150
100
S 62.4455
R-Sq 8.3%
R-Sq(adj) 2.2%
Bldg orientation (°)
Lo
g 
ill
um
in
an
ce
Fitted Line Plot
Log illuminance = 225.6 + 0.5413 Bldg orientation (°)
 
a 
Chapter Nine 
Page 257 of 356 
 
4035302520
400
350
300
250
200
150
100
S 65.1774
R-Sq 0.1%
R-Sq(adj) 0.0%
Compactness factor (%)
Lo
g 
ill
um
in
an
ce
Fitted Line Plot
Log illuminance = 228.1 + 0.345 Compactness factor (%)
 
b 
706050403020
400
350
300
250
200
150
100
S 56.2438
R-Sq 25.6%
R-Sq(adj) 20.6%
Shading devices (%)
Lo
g 
ill
um
in
an
ce
Fitted Line Plot
Log illuminance = 311.9 - 1.830 Shading devices (%)
 
c 
28262422201816141210
400
350
300
250
200
150
100
S 50.8390
R-Sq 39.2%
R-Sq(adj) 35.2%
Window-wall ratio (%)
Lo
g 
ill
um
in
an
ce
Fitted Line Plot
Log illuminance = 97.94 + 7.246 Window-wall ratio (%)
 
d 
Chapter Nine 
Page 258 of 356 
 
1615141312111098
400
350
300
250
200
150
100
S 56.0339
R-Sq 26.2%
R-Sq(adj) 21.2%
Fenstration
Lo
g 
ill
um
in
an
ce
Fitted Line Plot
Log illuminance = 42.97 + 14.90 Fenstration
 
e 
Figure 9.5 Logged Illumination (lux) versus architectural design characteristics 
 
9.6.4.4 Satisfaction with Natural Light  
The satisfaction with the natural light is a perceived phenomenon by the respondents to the surveys. 
The way the satisfaction is affected by the design characteristics of the spaces is evaluated and 
compared with the effects they had on the measured illumination levels. The individual design 
characteristics had no significant impact on how the occupants perceived the levels of natural light in 
the spaces, and neither did their combined effect, see Table 9.5 and the charts in Figure 9.6 for details. 
Even the WWR and the FF characteristics had little effects on the satisfaction with the natural light 
levels in the spaces, and it was only when the design features were combined that the r2 reached 
17.3%. 
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Figure 9.6 Natural light satisfaction (%) versus architectural design 
characteristics 
 
9.6.4.5 Background Noise Levels 
The individual architectural features had no significant impact on the noise levels measured in the 
learning environments as seen from Table 9.5 and from the charts in Figure 9.7. Similarly the 
background noise levels in the learning environments had no impact even when all the four design 
characteristics were combined, from Table 9.5 an r2 of 10.6% and a p value of 0.815 were realised.   
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Figure 9.7 Background noise dB(A) versus architectural design characteristics 
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9.6.4.6 Satisfaction with Acoustic Qualities 
The satisfaction with acoustic qualities of the learning environments was not impacted upon 
individually or the combined effect of the four design characteristics. From Table 9.5 a combined r2 
was found to be 25.5% with a p value of 0.391. Small effects were noticed to have been made by 
compactness factor (r2 = 15.4% and p = 0.107), shading devices (r2 = 13.0% and p = 0.142) and window-
wall ratio (r2 = 11.2% and p = 0.175). The results of no effects of the design characteristics for both the 
measured and perceived acoustic qualities seemed to agree with each other, but the results of the 
measured quantity was much lower. Similarly the three design characteristics that had some effect on 
the perceived results did not make any impact on the measured quantity, see also the charts in Figure 
9.8 for details. 
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Figure 9.8 Acoustic satisfaction (%) versus architectural design characteristics 
 
9.6.4.7 CO2 Concentration 
For the CO2 concentrations in the learning environments, none of the design characteristics had any 
significant effect on the concentration levels, even the combined effects of all the four design 
characteristics produced only an r2 value of 28.2% and a p value of 0.330. Table 9.5 and the charts in 
Figure 9.9 show these results. However, for the logged CO2 concentrations on the three selected days, 
building orientation, fenestration factor and each of the combinations showed some level of influence, 
ranging from  an r2 of 42.1% to 55.7% and p values of less than 0.05. From Table 9.5 the logged CO2 
results are provided along with the measured CO2 concentration but are shown in brackets. 
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Figure 9.9 CO2 concentration (ppm) versus architectural design characteristics 
 
9.6.4.8 Satisfaction with Indoor Air Qualities   
Although indoor air quality (IAQ) is defined by many parameters such as particulate matter, dust, 
carbon dioxide concentration etc., this study used CO2 because of its prevalence in the often crowded 
learning environments in the university. Therefore the effects the design features had on CO2 
concentrations were compared with those on IAQ perceptions in the learning environments. The 
combined effect the design characteristics had on the IAQ perception was less than any of the 
combinations of CO2 concentrations in the spaces, whether logged or spot measured. The highest r2 
value obtained was 18% as against 55.7% or 28.2% for the logged and measured quantity respectively. 
However, there seemed to be some agreement in the contributions of window-wall ratios and shading 
devices in both cases, the highest impact among them was an r2 = 7.3% for the perceived results, see 
Table 9.5 and the charts in Figure 9.10 for details.     
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Figure 9.10 IAQ satisfaction (%) versus architectural design characteristics 
 
 
9.7: Summary 
The measured and perceived results of the four IEQ parameters; thermal, visual and acoustic comfort 
and indoor air quality, were found to vary among the six selected learning environments and within 
the three seasons the measurements were conducted, as described in sections 7.4.4 to 7.4.7. Although 
the architectural design characteristics of the spaces were many and vary, however, this study came 
to a conclusion through the guidance of the literature, that four of them were the most widely applied 
especially in the hot and dry climate such as that of Kano. These are the building orientation, 
compactness factor, window-wall ratio and effectiveness of shading devices. The orientation of each 
space and compactness factors were evaluated, window-wall ratios calculated and the effectiveness 
of the shading devices estimated. 
According to the literature, the varying comfort conditions of any indoor environment is due to the 
different architectural design characteristics found on each one of them, its local climate and the 
characteristics of its occupants. As a result, correlation analyses of the architectural design 
characteristics of the learning environments with the measured results and occupants’ perceptions 
were undertaken according to individual comfort indices to confirm this. The following findings were 
made: 
• Thermal comfort indices were less affected by the four architectural design characteristics, 
whether taken individually or when combined. 
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• Natural light was found to be significantly impacted by shading devices and the combined 
effect of the four design characteristics, this also exacted some influence on the satisfaction 
levels of the occupants.  
• For background noise, the combined effect of the four design characteristics was more 
effective than any of them individually, this was also in line with the acoustic satisfaction of 
the occupants.  
• Concentration level of CO2 was not affected by any of the design characteristics, but their 
combination had some impact.  
From the foregoing therefore it will not be out of place to assume that other physical and subjective 
factors were also at play in determining and influencing the level of IEQ indices and comfort 
perceptions in the learning environments of Bayero University Kano. Therefore further works need to 
be undertaken on the measured as well as on the perceived results in order to say with any certainty 
which combination of the architectural design characteristics influence comfort in these environments. 
More buildings need to be investigated and this may perhaps yield some of the recommendations from 
the literature, which might have been swamped by other unknown factors in this study. 
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Chapter 10 
 Ranking of IEQ Variables in Bayero University, Kano 
Buildings 
10.1 Introduction 
A building that earns itself a merit award from eminent architects may not be rated in the same way 
by charted engineers, similarly it could be rated differently by its occupants. The architects may be 
interested in the aesthetics or the functionality of the building, while the engineers may be looking for 
energy efficiency or its structural stability, yet the occupants/user may be interested in its convenience 
or comfort. However, the ultimate aim of every good environmental design is that what is constructed 
should be evaluated positively by the occupants. Although satisfaction with an indoor environment is 
a multifaceted one, the four most often quoted indoor environmental parameters have to have some 
level of acceptability from the occupants in order to achieve the required results. The level of 
satisfaction with each of the four parameters need not be the same for the desired results. Humphreys 
(2005) suggests that people rarely condemn the whole building as a result of dissatisfaction with one 
parameter and that a positive evaluation of an aspect does not necessarily lead to overall satisfaction. 
Satisfaction with the different comfort parameters are not equal in their contribution to the overall 
comfort, as opined by Leaman & Bordass (1999), there is the “forgiveness factor” operating within the 
minds of the occupants, if one aspect of the environmental parameters happens to be good and 
acceptable, it improves their overall satisfaction with the environment. The question is what would be 
the ratio of the contribution of these parameters in the overall satisfaction? 
Frontczak & Wargocki (2011), in a literature survey on how different factors influence human comfort 
in indoor environments, showed that several studies explored the importance of environmental 
conditions in terms of the subjective evaluations of the building users. These studies reported that 
comfort parameters were examined by asking the building users to rank the conditions according to 
their importance, or to fill out the questionnaires indicating their satisfaction with different 
environmental conditions or overall satisfaction with IEQ (Astolfi & Pellerey, 2008). Results obtained 
with data collected in various buildings from many different climate zones showed that the thermal 
environment is ranked to have slightly higher importance for overall comfort than acoustic and visual 
environment and air quality (Choi et al., 2012; Dorizas et al., 2015; Lai et al., 2009; Levermore, 2016). 
Humphreys (2005) when comparing the regression coefficients of six environmental parameters in a 
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survey of 26 offices in Europe, reported that satisfaction with room temperature and air quality had a 
higher contribution to overall comfort, while satisfaction with lighting level was least in importance. In 
another study comparing green and conventional buildings, Paul & Taylor (2008) reported that the 
occupants of the two buildings unanimously indicated that day-light and thermal comfort contribute 
more to better IEQ and have a positive effect on occupant’s perception of productivity and 
performance. In yet another study of indoor environmental quality of six historic buildings in Malaysia, 
including a school building, Kamaruzzaman et al. (2011) found that daylight, electric lighting and glare 
were the most dissatisfied aspects of the buildings. 
Indoor environmental conditions of learning spaces have serious implications for the students’ health, 
comfort, performance and general well-being (Paul & Taylor, 2008; P.  Wargocki & D. P.  Wyon, 2007; 
S.-K. Wong et al., 2009). An unacceptable indoor environment breeds dissatisfaction leading to 
negative consequences on the occupants’ health, well-being and academic performance (W. J. Fisk et 
al., 2011b; Mendll & Heath, 2005; Olanifekun, 2014). Although much work on IEQ is conducted of 
recent, there is still limited research involving building occupants that asked them to identify the IEQ 
component that gives them the most concern or that enhances their comfort, especially in high 
education institutions in the tropics (Munonye & Ji, 2017). It is therefore pertinent to identify the 
parameters that influence the comfort of students in their learning environments, so as to reduce time, 
effort and money in attaining their optimum comfort.  
The knowledge of whether all environmental conditions contribute equally to achieving comfort, or 
whether they are ranked differently by building users is essential. The knowledge could be used as 
guidelines when constructing new buildings and when renovating existing ones, with a view to 
optimizing the occupant’s comfort. The lessons and feedback gathered from this study and similar 
other studies might help not only with the identification of the IEQ problems, which impacts on the 
building’s performance, but also allows for the avoidance of possible building deterioration. It would 
also be useful when remedial measures are taken regarding the improvement of IEQ, indicating which 
of the indoor environmental parameters is to take precedence. This chapter therefore presents the 
participants’ decisions on which parameter is most important in enhancing comfort during the surveys 
conducted in the six learning environments across the three campuses of the university. 
 
Chapter Ten 
Page 271 of 356 
 
10.2  The Data used 
With the increasing awareness of the role IEQ plays in the well-being, productivity and performance of 
indoor occupants, the need for more feedback from them is becoming more important. This is often 
obtained through a questionnaire, which are said to be easy to administer, economical and efficient 
(Andersen et al., 2009; Dascalaki et al., 2009; Kamaruzzaman et al., 2011). A survey on the perceived 
environmental quality was conducted on the occupants of the six learning environments by means of 
paper-based questionnaires as detailed in Chapter 4, with the aim of identifying which parameter plays 
a major role in evaluating the overall satisfaction of the learning environments. The seventh section of 
the first set of questionnaires contained a list of ten IEQ attributes from which the respondents were 
asked to select any three that would normally enhance their comfort in their learning spaces. Eight of 
these variables are direct representatives of the four major IEQ parameters: thermal, visual and 
acoustic comfort and indoor air quality. Thermal comfort was represented by comfortable 
temperature and dry/humid environment; visual comfort by well-lit environment and pleasant 
outdoor view; acoustic quality by noise-free and echo-free environment; and IAQ was represented by 
the airy and odourless environment. The 9th attribute was on the control of the environment and the 
10th was to do with the Sahara desert dust, however these two did not have corresponding questions 
in the questionnaire, so were exempted in further analysis.  
The respondents were requested thus: “Choose any three of the following ten IEQ variables that you 
consider very significant in enhancing your comfort in this learning environment”:  
• Ability to control windows and or lighting/fan switches;  
• Dust-free environment;  
• Comfortable temperature;  
• Moderately Dry/humid environment;  
• Echo-free environment;  
• Noise-free environment;  
• Pleasant outdoor view;  
• Well-lit environment. 
• Airy environment and 
• Odourless environment.  
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By this, the respondents were asked to identify any three environmental aspects that contributed most 
to their overall comfort. Table 10.1 shows how the IEQ parameters were broken down, it also shows 
the full questions as they appear on the questionnaires and the corresponding question numbers from 
the two sets of the questionnaires. During the three surveys, two types of questionnaires were used, 
however, this section of the questionnaire was asked only during the Mid-season, the first survey. It 
was realised that the questionnaire used during the Mid-season required additional formatting and 
reduction in its length, this was then reflected in the last two survey questionnaires.  
 
Table10.1 Matching the IEQ parameters with questions from the questionnaires 
IEQ Parameters Variables IEQ parameters with their matching variables paired against the 
corresponding questions as they appeared in the questionnaires 
Thermal comfort Comfortable temperature How would you describe the temperature of this room now?   (First 
survey: Question 3; Second and third: Question 2) 
Dry environment How would you describe the air in this room?  (First survey: 
Question 27; Second and third: Question 18) 
Visual comfort Well-lit environment What is your assessment of general lighting in this space?  (First 
survey: Question 7; Second and third: Question 5)  
Pleasant outdoor view How would you describe the view from this space? (First survey: 
Question 14; Second and third: Question 9) 
Acoustic comfort Noise free environment What is your assessment of the acoustic qualities of this space? 
(First survey: Question 15; Second and third: Question 10)  
Echo free environment Does the noise interfere with communication in this space? (First 
survey: Question 19; Second and third: Question 14) 
Indoor air quality Airy environment How would you describe the air freshness in this room? (First 
survey: Question 25; Second and third: Question 16) 
Odourless environment How would you describe the air odour in this room? (First survey: 
Question 28; Second and third: Question 19) 
 
Answers to the questions in the questionnaires were provided on 7-point scales, although not exactly 
on ascending order of significance, they were flipped to achieve the order. For example, the question 
on the quality of air odour in a space, the answers provided were as follows: 1 = “very good” going 
through to 7 = “very poor”. For ease of analysis these were reversed where 1 became “very poor” and 
7 became “very good”.  
The results of the assessments are presented in Tables 10.2a, 10.2b and 10.2c, showing the total mean 
responses for each variable against each space and based on the surveys. The mean responses are 
evaluated out of seven (based on the 7-point scale), therefore percentages were calculated using the 
denominator, i.e. seven. As an illustration, in AKTH the mean weight of comfort temperature is 5.83 
out of 7 in the Mid-season, so its percentage stands at 83.3%. Similarly the mean weighting of echo-
free environment in FEES is 6.74 out of 7 in the summer, this corresponds to 96.3%. 
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From the tables, it can be seen that during the mid-season and winter surveys odourless environment 
was rated good as indicated by the occupants of AKTH and Dandatti, but in the summer they stated 
that echo-free environment was best. Comfortable temperature was rated the topmost by the 
occupants of FEES and PHL during the mid-season, while echo-free environment was rated best by 
both the occupants of the same two spaces during the summer, this was also the case during the winter 
for the occupants of FEES. Generally odourless environment was rated the best during the mid-season, 
echo-free during both the winter and the summer by all the occupants.  
 
Table10.2 Mean weights of the IEQ variables and respective percentages: a = Mid-season; b = Winter season; c = Summer 
season 
 
a = Mid-season 
 
b = Winter 
Thermal comfort Acoustic comfrot Visual comfort Indoor Air Quality
Comfortable 
temperature
Dry 
envi ronment
Echo free 
envi ronment 
Noise free 
envi ronment 
Pleasant 
outdoor view 
Wel l -l i t 
envi ronment 
Ai ry 
envi ronment 
Odourless  
envi ronment 
5.83 3.64 5.1 5.69 5.67 5.26 5.69 6.07
83.3% 52.0% 72.9% 81.3% 81.0% 75.1% 81.3% 86.7%
4.12 3.6 4.02 4.34 4.06 4.24 4.54 5.09
58.9% 51.4% 57.4% 62.0% 58.0% 60.6% 64.9% 72.7%
5.98 2.96 4.68 5.65 5.36 5.51 5.38 5.71
85.4% 42.3% 66.9% 80.7% 76.6% 78.7% 76.9% 81.6%
0.84 4.09 3.58 3.22 3.76 2.77 2.93 3.6
12.0% 58.4% 51.1% 46.0% 53.7% 39.6% 41.9% 51.4%
4.56 4.01 4.5 5.45 5.45 5.12 4.37 4.57
65.1% 57.3% 64.3% 77.9% 77.9% 73.1% 62.4% 65.3%
6.47 4.95 5.84 6.27 6.42 6.32 5.95 5.89
92.4% 70.7% 83.4% 89.6% 91.7% 90.3% 85.0% 84.1%
Combined 4.63 3.88 4.62 5.10 5.12 4.87 4.81 5.16
spaces 66.2% 55.4% 66.0% 72.9% 73.1% 69.6% 68.7% 73.6%
MPL
PHL
AKTH
Dandatti
FEES
IH Umar
Thermal comfort Acoustic comfrot Visual comfort Indoor Air Quality
Comfortable 
temperature
Dry 
envi ronment
Echo free 
envi ronment 
Noise free 
envi ronment 
Pleasant 
outdoor view 
Wel l -l i t 
envi ronment 
Ai ry 
envi ronment 
Odourless  
envi ronment 
2.84 4.63 6.55 4.47 5.11 5.95 5.18 5.66
40.6% 66.1% 93.6% 63.9% 73.0% 85.0% 74.0% 80.9%
3.56 4.33 6.62 4.36 4.82 5.23 4.44 4.53
50.9% 61.9% 94.6% 62.3% 68.9% 74.7% 63.4% 64.7%
5.94 4.76 6.42 5.46 5.8 5.5 5.41 5.31
84.9% 68.0% 91.7% 78.0% 82.9% 78.6% 77.3% 75.9%
5.62 4.54 6.44 5.24 5.12 5.77 5.45 4.94
80.3% 64.9% 92.0% 74.9% 73.1% 82.4% 77.9% 70.6%
5.81 4.76 6.25 5.77 5.73 6.12 5.37 5.69
83.0% 68.0% 89.3% 82.4% 81.9% 87.4% 76.7% 81.3%
5.9 4.9 6.25 5.8 5.95 6.5 5.65 5.7
84.3% 70.0% 89.3% 82.9% 85.0% 92.9% 80.7% 81.4%
Combined 4.95 4.65 6.42 5.18 5.42 5.85 5.25 5.31
spaces 70.6% 66.5% 91.7% 74.0% 77.5% 83.5% 75.0% 75.8%
AKTH
Dandatti
FEES
IH Umar
MPL
PHL
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c = Summer 
 
 
10.3  Results and Discussion 
The analysis was conducted based on six aspects as follows:  
• Overall IEQ variables and seasonal ranking; 
• Ranking the IEQ parameters;  
• Ranking IEQ variables by gender;  
• Ranking building types based IEQ variables 
• Ranking the campuses based on the IEQ variables; 
• Overall ranking of the learning environments based on the IEQ variables.   
The responses from the “Choose any three of the following ten IEQ variables that you consider very 
significant in enhancing your comfort in this learning environment“ question are evaluated and also 
transformed into percentages and are shown in Table 10.3. Displayed in the table is the frequency of 
responses for each IEQ variable in respect of the six individual learning environments and for the 
combined total responses. A total of 1,554 responses were obtained from 527 respondents, the 
highest responses came from the spaces with higher occupancies; Dandatti, IH Umar and FEES. The 
percentages of responses in each space were calculated based on eight variables, excluding the options 
on the “environmental control” and the “Sahara desert dust”. For example in AKTH comfortable 
temperature was selected 22 times out of a total of 80 selections, therefore it has a rating of 27.5%. 
From the table the importance of each IEQ variable as perceived by the occupants in each space can 
clearly be shown. With the exception of PHL where the odourless environment was the most rated IEQ 
Thermal comfort Acoustic comfrot Visual comfort Indoor Air Quality
Comfortable 
temperature
Dry 
envi ronment
Echo free 
envi ronment 
Noise free 
envi ronment 
Pleasant 
outdoor view 
Wel l -l i t 
envi ronment 
Ai ry 
envi ronment 
Odourless  
envi ronment 
4.04 4.87 6.58 5.33 5.29 6.02 5.02 5.69
57.7% 69.6% 94.0% 76.1% 75.6% 86.0% 71.7% 81.3%
3.56 4.08 6.83 3.48 4.82 5.23 2.73 4.12
50.9% 58.3% 97.6% 49.7% 68.9% 74.7% 39.0% 58.9%
3.96 4.96 6.74 5.01 4.84 4.83 4.2 5.12
56.6% 70.9% 96.3% 71.6% 69.1% 69.0% 60.0% 73.1%
2.26 4.61 6.69 3.95 4.56 4.39 2.63 4.2
32.3% 65.9% 95.6% 56.4% 65.1% 62.7% 37.6% 60.0%
4.8 6.72 6.45 4.69 5.33 5.06 4.61 5.33
68.6% 96.0% 92.1% 67.0% 76.1% 72.3% 65.9% 76.1%
4.9 4.86 6.29 5.9 5.9 5.86 5.57 5.76
70.0% 69.4% 89.9% 84.3% 84.3% 83.7% 79.6% 82.3%
Combined 3.92 5.02 6.60 4.73 5.12 5.23 4.13 5.04
spaces 56.0% 71.7% 94.2% 67.5% 73.2% 74.7% 59.0% 72.0%
AKTH
Dandatti
FEES
IH Umar
MPL
PHL
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variable (with 24.2%), in all the other five spaces comfortable temperature was the most rated. When 
the other laboratory, MPL, was checked, an odourless environment was found to be rated second to 
comfortable temperature (with 20.9%), this shows how important this variable is in laboratories. From 
the combined assessment (for all the six environments), comfortable temperature with 26.2% topped 
the list followed by noise free (15.2%) and odourless environments (13.4%) and the least was pleasant 
view (6.1%). Similarly when the IEQ parameters were assessed based on the performance of their 
variables, still thermal environment was the most preferred with a total of 34.3% (26.2% and 8.1%) 
and was followed by indoor air quality with 26.5% (13.1% and 13.4%), while visual comfort was least 
with 15.5% (6.1% and 9.4%). 
 
Table10.3 Frequencies and calculated percentages of responses of the most rated IEQ variable that enhances occupants 
comfort 
 
 
The results shown above in Tables 10.2 and 10.3 are two separate sets of responses from the same 
occupants rating the same aspects of the same environments individually, however combination of 
the two results might offer a better assessment. This method was followed by Humphreys (2005) and 
Liang et al. (2014). Table 10.4 shows three tables which display the products of the two assessments 
based on the three surveys conducted using results from Tables 10.2 and 10.3 above. A score is arrived 
at as a product of the occupants’ perceived responses on the IEQ variables with the weighted mean 
values of each variable. For example, comfortable temperature during mid-season in AKTH had a score 
of 22.9%, which is a product of its perceived response (27.5% from Table 10.3) and its mean weight 
(83.3% from Table 10.2). Therefore for each survey season (mid-season, winter and summer) the score 
Comfortable 
temperature
Dry 
envi ronment
Echo free 
envi ronment 
Noise free 
envi ronment 
Pleasant 
outdoor view 
Wel l -l i t 
envi ronment 
Ai ry 
envi ronment 
Odourless  
envi ronment 
Total
22 5 15 13 6 5 3 11 80
27.5% 6.3% 18.8% 16.3% 7.5% 6.3% 3.8% 13.8%
63 30 26 43 12 41 20 34 269
23.4% 11.2% 9.7% 16.0% 4.5% 15.2% 7.4% 12.6%
76 22 18 42 20 22 36 21 257
29.6% 8.6% 7.0% 16.3% 7.8% 8.6% 14.0% 8.2%
77 20 22 48 15 20 49 36 287
26.8% 7.0% 7.7% 16.7% 5.2% 7.0% 17.1% 12.5%
50 11 8 23 13 15 31 40 191
26.2% 5.8% 4.2% 12.0% 6.8% 7.9% 16.2% 20.9%
5 3 5 1 2 2 7 8 33
15.2% 9.1% 15.2% 3.0% 6.1% 6.1% 21.2% 24.2%
293 91 94 170 68 105 146 150 1117
26.2% 8.1% 8.4% 15.2% 6.1% 9.4% 13.1% 13.4%
PHL
Combined
AKTH
Dandatti
FEES
IH Umar
MPL
Thermal comfort Acoustic comfrot Visual comfort Indoor Air Quality
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for each IEQ variable was evaluated according to the individual learning environment. Within each 
learning environment the highest and the lowest rated variables could also be seen. Similarly for each 
season, the ranking of the variables could be obtained. Again taking comfortable temperature as an 
example in the midseason, its score from all the learning environments are summed up and an average 
calculated giving a value of 16.0% (22.9% + 13.8% + 25.3% + 3.2% + 17.1% + 14% = 96.3%). These are 
shown in the extreme right columns. Furthermore, the sum of the scores of the IEQ variables in each 
learning environment gives the satisfaction rating of that environment, for example AKTH had 78.8%, 
67.9% and 75.1% during the mid-season, the winter and the summer respectively, which are shown at 
the bottom row of every season’s table. Within a given season, the best and the worst performing 
learning environment as assessed by its occupants is equally obtainable, the yellow and purple shades 
shown in the total score rows indicate the best and worst performing learning environments during a 
given season, as shown in Table 10.4.
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Table10.4 Evaluated Scores for the IEQ variables for all the learning environments according to the seasons of the surveys 
 
Combined 
IEQ Parameters IEQ Variables Response Mean weightScore Response Mean wei Score Response Mean weight Score Response Mean weight Score Response Mean weight Score Response Mean weigScore
Comfortable temperature 27.5% 83.3% 22.9% 23.4% 58.9% 13.8% 29.6% 85.4% 25.3% 26.8% 12.0% 3.2% 26.2% 65.1% 17.1% 15.2% 92.4% 14.0% 16.0%
Dry environment 6.3% 52.0% 3.3% 11.2% 51.4% 5.7% 8.6% 42.3% 3.6% 7.0% 58.4% 4.1% 5.8% 57.3% 3.3% 9.1% 70.7% 6.4% 4.4%
Echo free envi ronment 18.8% 72.9% 13.7% 9.7% 57.4% 5.6% 7.0% 66.9% 4.7% 7.7% 51.1% 3.9% 4.2% 64.3% 2.7% 15.2% 83.4% 12.6% 7.2%
Noise free envi ronment 16.3% 81.3% 13.2% 16.0% 62.0% 9.9% 16.3% 80.7% 13.2% 16.7% 46.0% 7.7% 12.0% 77.9% 9.4% 3.0% 89.6% 2.7% 9.3%
Pleasant outdoor view 7.5% 81.0% 6.1% 4.5% 58.0% 2.6% 7.8% 76.6% 6.0% 5.2% 53.7% 2.8% 6.8% 77.9% 5.3% 6.1% 91.7% 5.6% 4.7%
Wel l -l i t envi ronment 6.3% 75.1% 4.7% 15.2% 60.6% 9.2% 8.6% 78.7% 6.7% 7.0% 39.6% 2.8% 7.9% 73.1% 5.7% 6.1% 90.3% 5.5% 5.8%
Airy envi ronment 3.8% 81.3% 3.0% 7.4% 64.9% 4.8% 14.0% 76.9% 10.8% 17.1% 41.9% 7.1% 16.2% 62.4% 10.1% 21.2% 85.0% 18.0% 9.0%
Odourless  envi ronment 13.8% 86.7% 11.9% 12.6% 72.7% 9.2% 8.2% 81.6% 6.7% 12.5% 51.4% 6.5% 20.9% 65.3% 13.7% 24.2% 84.1% 20.4% 11.4%
Total score 78.8% 60.8% 76.9% 38.1% 67.3% 85.2% 67.8%
IEQ Parameters IEQ Variables Response Mean weightScore Response Mean wei Score Response Mean weight Score Response Mean weight Score Response Mean weight Score Response Mean weigScore
Comfortable temperature 27.5% 40.6% 11.2% 23.4% 50.9% 11.9% 29.6% 84.9% 25.1% 26.8% 80.3% 21.5% 26.2% 83.0% 21.7% 15.2% 84.3% 12.8% 17.4%
Dry environment 6.3% 66.1% 4.1% 11.2% 61.9% 6.9% 8.6% 68.0% 5.8% 7.0% 64.9% 4.5% 5.8% 68.0% 3.9% 9.1% 70.0% 6.4% 5.3%
Echo free envi ronment 18.8% 93.6% 17.5% 9.7% 94.6% 9.1% 7.0% 91.7% 6.4% 7.7% 92.0% 7.1% 4.2% 89.3% 3.7% 15.2% 89.3% 13.5% 9.6%
Noise free envi ronment 16.3% 63.9% 10.4% 16.0% 62.3% 10.0% 16.3% 78.0% 12.7% 16.7% 74.9% 12.5% 12.0% 82.4% 9.9% 3.0% 82.9% 2.5% 9.7%
Pleasant outdoor view 7.5% 73.0% 5.5% 4.5% 68.9% 3.1% 7.8% 82.9% 6.4% 5.2% 73.1% 3.8% 6.8% 81.9% 5.6% 6.1% 85.0% 5.2% 4.9%
Wel l -l i t envi ronment 6.3% 85.0% 5.3% 15.2% 74.7% 11.4% 8.6% 78.6% 6.7% 7.0% 82.4% 5.7% 7.9% 87.4% 6.9% 6.1% 92.9% 5.6% 6.9%
Airy envi ronment 3.8% 74.0% 2.8% 7.4% 63.4% 4.7% 14.0% 77.3% 10.8% 17.1% 77.9% 13.3% 16.2% 76.7% 12.5% 21.2% 80.7% 17.1% 10.2%
Odourless  envi ronment 13.8% 80.9% 11.1% 12.6% 64.7% 8.2% 8.2% 75.9% 6.2% 12.5% 70.6% 8.9% 20.9% 81.3% 17.0% 24.2% 81.4% 19.7% 11.9%
Total score 67.9% 65.3% 80.3% 77.3% 81.2% 82.8% 75.8%
IEQ Parameters IEQ Variables Response Mean weightScore Response Mean wei Score Response Mean weight Score Response Mean weight Score Response Mean weight Score Response Mean weigScore
Comfortable temperature 27.5% 57.7% 15.9% 23.4% 50.9% 11.9% 29.6% 56.6% 16.7% 26.8% 32.3% 8.7% 26.2% 68.6% 18.0% 15.2% 70.0% 10.6% 13.6%
Dry environment 6.3% 69.6% 4.3% 11.2% 58.3% 6.5% 8.6% 70.9% 6.1% 7.0% 65.9% 4.6% 5.8% 96.0% 5.5% 9.1% 69.4% 6.3% 5.6%
Echo free envi ronment 18.8% 94.0% 17.6% 9.7% 97.6% 9.4% 7.0% 96.3% 6.7% 7.7% 95.6% 7.3% 4.2% 92.1% 3.9% 15.2% 89.9% 13.6% 9.8%
Noise free envi ronment 16.3% 76.1% 12.4% 16.0% 49.7% 7.9% 16.3% 71.6% 11.7% 16.7% 56.4% 9.4% 12.0% 67.0% 8.1% 3.0% 84.3% 2.6% 8.7%
Pleasant outdoor view 7.5% 75.6% 5.7% 4.5% 68.9% 3.1% 7.8% 69.1% 5.4% 5.2% 65.1% 3.4% 6.8% 76.1% 5.2% 6.1% 84.3% 5.1% 4.6%
Wel l -l i t envi ronment 6.3% 86.0% 5.4% 15.2% 74.7% 11.4% 8.6% 69.0% 5.9% 7.0% 62.7% 4.4% 7.9% 72.3% 5.7% 6.1% 83.7% 5.1% 6.3%
Airy envi ronment 3.8% 71.7% 2.7% 7.4% 39.0% 2.9% 14.0% 60.0% 8.4% 17.1% 37.6% 6.4% 16.2% 65.9% 10.7% 21.2% 79.6% 16.9% 8.0%
Odourless  envi ronment 13.8% 81.3% 11.2% 12.6% 58.9% 7.4% 8.2% 73.1% 6.0% 12.5% 60.0% 7.5% 20.9% 76.1% 15.9% 24.2% 82.3% 19.9% 11.3%
Total score 75.1% 60.6% 66.9% 51.7% 72.9% 80.1% 67.9%
Indoor Air Quality
Acoustic comfrot
Visual comfort
Acoustic comfrot
DandattiAKTH FEES
Acoustic comfrot
Visual comfort
Indoor Air Quality
PHLa = Mid-Season Results
Thermal comfort
IH Umar MPL
MPL PHL
Thermal comfort
c = Summer Season Results AKTH Dandatti FEES IH Umar
Thermal comfort
Visual comfort
Indoor Air Quality
MPL PHLb = Winter Season Results AKTH Dandatti FEES IH Umar
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10.4 Overall IEQ Variable and Seasonal Ranking  
The final scores for the individual IEQ variables and from each of the three seasons were evaluated 
and compared against each other. The variables and their ranks are as shown in Table 10.5 (an 
extract from Table 10.4). Comfortable temperature emerged as the most rated variable for the 
attainment of comfort for the occupants of these learning environments across all the three 
seasons. Figure 10.1 shows this situation graphically. Odourless environment followed the 
temperature, while a pleasant outdoor view was not so significant in the quest for comfort. Noise-
free and airy environments occupied the third and fourth positions respectively. This result is in 
line with many comfort studies where temperature turned out to be the most preferred variable 
for the comfort of indoor occupants (Levermore, 2016; Liang et al., 2014; Munonye & Ji, 2017). 
Seasonally as shown in the bottom row of Table 10.5 the winter was found to be the best season 
among the three, it was the season in which the sum of the variables’ total score was the highest 
(75.8%). Although summer was the second most preferred season and mid-season was the third, 
the difference in score between the two was only 0.1%. As the dispersion between the two seasons 
was not large, it suggests that only a slight difference in satisfaction environmentally exist between 
the mid and the summer seasons. 
Table10.5 Overall and seasonal ranking of the IEQ variables  
IEQ Variable Mid-season Winter Summer Average Score Rank
Comfortable temperature 16.0% 17.4% 13.6% 15.7% 1
Dry envi ronment 4.4% 5.3% 5.6% 5.1% 7
Echo free envi ronment 7.2% 9.6% 9.8% 8.8% 5
Noise free envi ronment 9.3% 9.7% 8.7% 9.2% 3
Pleasant outdoor view 4.7% 4.9% 4.6% 4.8% 8
Wel l -l i t envi ronment 5.8% 6.9% 6.3% 6.3% 6
Airy envi ronment 9.0% 10.2% 8.0% 9.1% 4
Odourless  envi ronment 11.4% 11.9% 11.3% 11.5% 2
Total score 67.8% 75.8% 67.9%  
 
 
Figure 10.1 Overall ranking of the IEQ variables 
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10.5 Ranking the IEQ Parameters 
Final scores of the IEQ variables, being representative of the IEQ parameters were then combined 
together as shown in Table 10.6 to rank the parameters. Thermal comfort, which was represented 
by temperature and dry environment emerged top with a combined average score of 20.8%. It was 
followed by indoor air quality, which was represented by odourless and airy environments, it came 
second with a combined score of 20.6%. Visual comfort came last with only 11.1% score. These are 
further shown graphically in Figure 10.2 below. From the table and the figure it can be seen that 
thermal comfort was the most rated parameter in this assessment and visual comfort was the least. 
The output of a chi-square test conducted (X2(3) = 81.6, p < 0.01) on the results showed a significant 
difference between the scores. This is in line with the results of a subjective and objective 
assessment of acoustic and overall environmental quality in renovated secondary school 
classrooms with special acoustic design features, by Astolfi & Pellerey (2008) conducted in Italy. It 
is also consistent with the results of Humphreys (2005) on the work he conducted on the Smart 
Controls and Thermal Comforts projects data. Similar results were also reported by Liang et al. 
(2014) in their assessment of green and conventional buildings in Taiwan. 
 
Table10.6 Ranked IEQ parameters 
 
 
Figure 10.2 Ranked IEQ parameters 
 
 
10.5.1 Ranking IEQ Variables by Gender  
Further analyses were conducted to evaluate the statuses of the IEQ variables as perceived by 
gender (female and male). Frequency of the responses and their corresponding percentages were 
used as indicators. Table 10.7 shows the gender preference of the IEQ variables. Both female and 
male preferred comfortable temperature as the main mover to their indoor comfort, where 26.9% 
and 25.9% of them respectively indicated so. While the female respondents went for IAQ variables 
(odourless and airy environments) as their second preference with 15.6% each, the male went for 
noise-free environment having 15.7%. Both genders also differed in their least preferences, the 
female felt drier environment was not so significant to their comfort attainment, and their male 
counterpart felt it was the pleasant outdoor view.  
IEQ Parameters IEQ Variables Average score Total Rank
Comfortable temperature 15.7%
Dry environment 5.1%
Echo free envi ronment 8.8%
Noise free envi ronment 9.2%
Pleasant outdoor view 4.8%
Wel l -l i t envi ronment 6.3%
Airy envi ronment 9.1%
Odourless  envi ronment 11.5%
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Percentages of responses of each IEQ variables were calculated bas4d on the total number of 
responses obtained from the occupants. Overall, both genders felt thermal environment was more 
important for them with 31.9% and 35.9% for female and male respectively. While the female 
wanted better indoor air with 31.2%, the male preferred acoustic comfort with 24.7%. Interestingly 
both gender were less concern with visual qualities of their environments, as visual quality had the 
least percentages from both genders. This may not be unconnected with culture in the region, 
where many activities are conducted outdoors. Similar results were reported by Lai & Yik (2007) in 
their work  on the perceived importance of the quality of the indoor environment in commercial 
buildings. Figure 10.3 is a graphical representation of how the gender group ranked the IEQ 
variables in this study. A paired t-Test showed that there is a significant difference between them 
with a p = 0.002. 
Table10.7 Overall ranking of IEQ variables by gender 
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Figure 10.3 Ranking of IEQ variable by gender 
 
 
10.5.2 Ranking Building Types 
Table 10.8 shows the perceived importance of the IEQ variables in different building types; which 
are lecture theatres (AKTH, Dandatti, FEES and IH Umar) and laboratories (MPL and PHL). The 
IEQ Variables Responses Female Responses Male
Comfortable temperature 112 26.9% 181 25.9%
Dry environment 21 5.0% 70 10.0%
Odourless environment 31 7.4% 63 9.0%
Airy environment 60 14.4% 110 15.7%
Noise free environment 31 7.4% 37 5.3%
Echo free environment 32 7.7% 73 10.4%
Well-lit environment 65 15.6% 81 11.6%
Pleasant outdoor view 65 15.6% 85 12.1%
Total responses 417 700
23.70%
35.90%
24.70%
15.70%
Female (195) Male (332)
31.9%
21.8%
15.1%
31.2%
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results of the products of the responses made by the occupants with the weighted means of each 
variable in the building types were pooled together and presented as the total score at the bottom 
of the table. The result of the analysis was also in favour of the comfortable temperature, as the 
main variable that enhances comfort in the lecture theatres (15.7%), while the laboratories 
occupants went for the odourless environment (17.8%). However, there were differences in which 
parameter was second in importance, noise free environment was preferred by the occupants of 
the lecture theatres (10.9%), but those in laboratories felt it was the comfortable temperature 
(15.7%). Perhaps communication between students during a laboratory session was encouraged 
but not during lectures was the reason for this difference. The most probable explanation was that 
frequent use of chemicals that produces foul odour might be offensive to the occupants of the 
laboratories. As for the ranking of the building types, laboratories were rated higher than the 
theatres by the occupants, with 78.3% against 66.6%. These are graphically shown in Figure 10.4. 
There is a statistical difference between the two building types, a paired t-Test was conducted with 
a p < 0.05. 
Table10.8 Perceived importance of IEQ variables by building types 
IEQ Variables Theatres Laboratory
Comfortable temperature 15.7% 15.7%
Dry environment 5.0% 5.3%
Echo free envi ronment 9.1% 8.3%
Noise free envi ronment 10.9% 5.9%
Pleasant outdoor view 4.5% 5.3%
Wel l -l i t envi ronment 6.6% 5.7%
Airy envi ronment 6.5% 14.2%
Odourless  envi ronment 8.4% 17.8%
Total score 66.6% 78.3%
Building Types
  
 
 
Figure 10.4 Importance of IEQ parameters by building types 
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10.5.3 Ranking the Campuses  
The learning environments were also categorized based on the campus they are located and the 
analysis was conducted based on that. Comfortable temperature was more preferred by the 
respondents from the New (17.4%) and the Old (15.0%) campuses, but was rated third by the 
occupants in the Teaching Hospital (14.6%), where odourless (15.7%) and echo free (14.8%) 
environments were more preferred, see Table 10.9 and Figure 10.5 for details. Odourless 
environment was second in preference as perceived by the occupants of Old campus, this may not 
be unconnected with the fact that one of the evaluated buildings there was a laboratory. Lighting 
was generally not considered as an important variable as seen from the responses in all the 
campuses, in fact well-lit environment was the least preferred IEQ variable even in the Teaching 
Hospital. Campus-wise the Teaching Hospital was rated first having 78.3%, is followed by New 
Campus with 68.5% and Old Campus was rated last having a total score of 64.8% of the IEQ 
variables’ standing. 
 
Table10.9 Perceived importance of IEQ variables per Campus 
IEQ Variables New Camp. Old Camp. T. Hospital
Comfortable temperature 17.4% 15.0% 14.6%
Dry environment 5.8% 4.3% 5.1%
Echo free envi ronment 7.0% 4.8% 14.8%
Noise free envi ronment 10.9% 9.5% 7.3%
Pleasant outdoor view 4.4% 4.3% 5.5%
Wel l -l i t envi ronment 8.6% 5.2% 5.3%
Airy envi ronment 7.1% 10.0% 10.1%
Odourless  envi ronment 7.3% 11.6% 15.7%
Total score 68.5% 64.8% 78.3%
Campus Location
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Figure 10.5 Importance of IEQ parameters by Campus 
 
 
10.5.4 Overall Ranking of the Learning Environments  
The individual scores obtained by each IEQ variable in each learning environment were summed 
up according to seasons, these are shown in Table 10.10 below. During the mid-season three 
spaces (PHL, AKTH and FEES) scored over 75% points and the scores of the other three spaces were 
below 70%. It seemed that the higher the occupancy levels of the learning environments the lower 
their score, this was especially the case during the mid-season and the summer surveys. IH Umar 
was second to Dandatti in occupancy levels, exhibited the worst performance in the two seasons, 
but was rated the third during the winter survey. PHL and AKTH were the two least occupied spaces 
during the surveys, and performed very well environmentally. Across the three seasons PHL had 
the highest overall points and was therefore rated first. FEES, AKTH and MPL, though were ranked 
second, third and fourth respectively, the differences between their average scores were very 
small. IH Umar did poorly in the mid-season and in the summer but quite well in the winter, was 
all the same ranked the least. Figure 10.6 shows the graphical standing of each space during the 
seasons. 
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Table10.10 Ranking individual learning environments 
 
Space Mid-season Winter Summer Average score Rank
PHL 85.2% 82.8% 80.1% 82.7% 1
FEES 76.9% 80.3% 66.9% 74.7% 2
AKTH 78.8% 67.9% 75.1% 73.9% 3
MPL 67.3% 81.2% 72.9% 73.8% 4
Dandatti 60.8% 65.3% 60.6% 62.2% 5
IH Umar 38.1% 77.3% 51.7% 55.7% 6
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Figure 10.6 Ranking of individual learning environments 
 
10.6 Summary 
The question of whether all environmental conditions contribute equally to achieving comfort, or 
whether they are ranked differently by the building users seemed to be settled in this assessment. 
Generally the results show that thermal comfort and its main variable, the comfortable 
temperature, were ranked higher in importance than acoustic and indoor air quality and their 
respective variables, and these were considerably higher in importance when compared with visual 
comfort. This finding is consistent with the findings of earlier studies (Astolfi et al., 2003; 
Humphreys, 2005; Munonye & Ji, 2017; L. T. Wong et al., 2008). Gender’s ranking of the 
environmental conditions was similar in the sense of temperature, but the other environmental 
conditions were ranked differently. Male respondents were inclined to noise-free environment but 
the female participants were more for higher indoor air quality. Similarly there was no much 
difference between the ranking based on building types, though laboratory occupants required 
higher levels of indoor air quality than those in lecture theatres, the latter rated noise-free 
environment as the second highest. Furthermore, the importance of thermal comfort was less 
affected by the siting of a facility in any campus, although a small deviation was recorded in the 
Teaching Hospital campus where odourless and echo-free environment led the comfortable 
temperature by small margins. 
While the findings provided snapshots on which variables need to be more addressed in order to 
attain the overall occupants’ satisfaction, one part of the assessment was conducted only during 
the mid-season when the environmental conditions were not so harsh, therefore more work needs 
to be done to cover the summer and winter seasons. Similarly the number of buildings surveyed 
was too few to provide more convincing evidence regarding the impact of these spaces on the 
occupants’ choices of the preferred IEQ variables. Control of doors/windows and building services, 
although was not considered in the above analysis, its frequency shows that providing it will go a 
long way in improving the occupants’ overall satisfaction with IEQ of any space. 
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Chapter 11 
 General Conclusion and Recommendations 
11.1 Introduction 
Indoor environmental quality (IEQ) is one of the criteria that are used to determine the 
performance of a building, when enhanced it contributes immensely to the well-being, health, 
comfort and performance of the occupants (World Building Design Guide (WBDG), 2017). In the 
past few decades changes have occurred in Nigeria and indeed Africa, especially in terms of 
people’s aspirations towards the performance of their buildings. These changes are as a result of 
the occurrence of adverse climatic effects in the region as in other regions of the world (Olgyay, 
2015), the paucity of electrical energy and its rising cost (Suberu et al., 2013), rising cost of building 
materials as well as the inappropriateness of the means of constructing the buildings (Opoko, 
2001). These therefore call for a rethink in the way buildings, especially for Higher Education, given 
the significant role they play as education pace setters, are designed, constructed and used for the 
attainment of indoor comfort, health and academic performances of the users. 
A number of IEQ studies were conducted and more are on the increase, however, majority of these 
studies are conducted in the four most advanced continents, which are mainly situated in the 
temperate regions of the world, but not in sub-Saharan Africa (M. O. Efeoma et al., 2014; Munonye 
& Ji, 2017; Ogbonna & Harris, 2008). This study is, therefore, an attempt to contribute to 
completing this gap, by bringing to the fore an IEQ study from that region.  Besides informing the 
wider research community of the situation of buildings in the region and bringing to the attention 
of policymakers, the outcome of the study would serve as feedback to building designers and 
facilities managers in the design process and managing the buildings. This is hoped to lead in the 
improvement in the environmental conditions of learning environments in the university system 
in Nigeria and beyond. 
11.2 Contributions to knowledge 
This chapter shows that the research aim through the objectives has been attained, it discusses 
the research findings, provides recommendations directed toward the policymakers, facility 
managers, scholars/academics and other building industry professionals and provides 
recommendations for further research opportunities for the region in the field. In a nutshell the 
study was able to show that thresholds of international comfort standards should not be used for 
the determination of comfort in the Kano region without modifications. Therefore the study 
contributed to the body of knowledge in the following areas: 
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• An IEQ study was conducted from an unexplored region for the benefit of the wider 
research community, 
• The knowledge gained offered an insight into the relationship between indoor comfort and 
external conditions.  
• It also led to the determination of neutral temperature and preferred temperatures for the 
three seasons and an adaptive comfort equation for the region was derived. 
• Differences between current international standards and the region’s requirements were 
understood. 
• Application of some standards was recommended with some modifications. These boarder 
on comfort temperature range, lighting thresholds and CO2 concentrations. 
• Relationships between the comfort indices and architectural design features were also 
investigated. 
• Similarly the study ranked the learning environments based on the IEQ variables’ 
preferences. 
• Some of these findings were presented to PLEA 2016, PLEA 2017 and at Windsor 2018 
conferences. 
 
11.3: Achieving the Research Objectives  
The study demonstrated that the objectives of the research were achieved by evaluating the IEQ 
of six learning environments at Bayero University Kano through measurements and surveys, the 
results obtained were compared with relevant comfort standards’ thresholds, similarly the 
research conducted further analyses resulting in the development of more comfort indices. The 
details of how the seven objectives are achieved are presented in Chapters 7, 8, 9 and 10, however 
the highlights of the findings are presented below: 
11.3.1: Objective 1 
Evaluating the state of IEQ in the university’s learning environments, through physical 
measurements:  
• The thermal comfort in the learning environments was assessed based on PMV/PPD and 
adaptive comfort models’ predictions, and are reported in Section 7.4.4. The PMV/PPD 
results showed that all the spaces were thermally uncomfortable in the summer where 
AKTH led for having the highest values of PMV (+2.02) and PPD (78%), this could be due to 
presence of large and unshaded windows. In the winter, four spaces were found 
comfortable, while two spaces (AKTH and FEES) were comfortable in the midseason.  
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• Both adaptive model standards (ASHRAE 55 and EN 15251) found all the spaces 
comfortable in the midseason, while ASHRAE 55 found all of them comfortable in the 
winter, EN 15251 found four comfortable and two slightly cool (Dandatti and PHL). In the 
summer ASHRAE 55 found all the spaces warm, however EN 15251 found two spaces 
comfortable (Dandatti and MPL). This shows how unsuitable the provisions of ASHRAE 55 
in predicting the indoor comfort of occupants in the region. 
• For the lighting levels and distribution, median lux values and uniformity ratios were used, 
and were discussed in Section 7.5. AKTH, for having large unshaded windows, was found 
to have the highest recorded lux levels and the lowest levels were recorded in MPL (has 
high level of shading devices) and PHL. Uniformity-wise, Dandatti had the highest ratios 
during the midseason and in the summer measurements, while in the winter IH Umar 
topped the list. The lowest uniformity ratios were found in AKTH and MPL across the three 
seasons. 
• Acoustic qualities were discussed in Section 7.6. It was found that the laboratories were 
noisier than the lecture theatres, and that the high background noise levels were recorded 
mostly in spaces with high occupancy ratios. Interestingly both AKTH and PHL, which met 
the year round background noise requirements, are located at the Teaching Hospital 
campus, they are sited in a buffered and greenery location and away from heavy human 
and vehicular traffic. 
• CO2 concentrations were used to define the IAQ in the learning environments and are 
discussed in Section 7.7, the levels recorded were moderate (in comparison to ASHRAE’s 
threshold of 1200 ppm) across the three seasons despite the high occupancy ratios. The 
highest occupied CO2 concentrations were recorded in Dandatti (1,136 ppm) and IH Umar 
(946 ppm), these two had the highest occupancy levels. While the lowest concentrations 
of 510 ppm and 576 ppm were recorded in PHL and AKTH respectively and these spaces 
had the least occupancy levels. 
11.3.2: Objective 2 
Determining the occupants’ level of comfort perception in the university’s learning 
environments, through surveys: 
• Occupants’ satisfaction with thermal quality of the learning environments was higher in 
the winter and midseason than in the summer season. The AMV and the APD results from 
Section 7.8 show that during the midseason only two spaces (IH Umar and MPL) were 
perceived as warm, their AMV values were outside the ±0.5 threshold. Conversely in the 
winter, only two spaces (MPL and PHL) were within the AMV’s threshold of ±0.5 and the 
other four were perceived as cool. This is in line with the measured results. 
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• Results from Section 7.8.5 show that all the spaces were perceived as visually comfortable 
in the winter and in the summer, but only three of them were perceived as comfortable 
during the midseason, perhaps the major cause was the frequent occurrence of cloud 
cover and rainfall.  
• There was a high level of satisfaction with daylight in AKTH. Although PHL was among the 
spaces with low lighting levels (286 lux), it was nonetheless accepted by the occupants. 
The figure in Section 7.8.5 shows that more complaints were received from the 
respondents of IH Umar and Dandatti on the lighting conditions across the three seasons. 
This situation could be explained due to the fact that IH Umar has low WWR and that 
Dandatti has trees within its vicinity. 
• Section 7.8.6 discusses the acoustic quality perception and shows that less noise 
complaints were recorded from the occupants during the winter, and that Dandatti and IH 
Umar were the noisiest spaces, as they are sited in noisier locations of the campuses. This 
confirms the results of the physical measurements. 
• Contrary to the measured results as shown in Section 7.8.7, the occupants’ responses 
indicated higher levels of dissatisfaction with the indoor air qualities of the spaces during 
the midseason and the summer. Specifically more complaints were received from the 
occupants of Dandatti and IH Umar (these are high occupancy spaces) and the least from 
those in PHL and AKTH (these are low occupancy spaces). Overcrowding leads to high bio-
effluent concentrations indoors and can negatively affect the occupants’ comfort 
perceptions. 
11.3.3: Objective 3  
Comparing the IEQ results obtained in the university and against relevant national and 
international comfort standards’ thresholds:  
• PMV-PPD model predicted warmer sensations in four spaces during the midseason, two 
spaces in the winter and all the spaces in the summer. For adaptive comfort, the ASHRAE 
55 showed that all the six spaces were warm in the summer, but EN 15251 found two of 
the six spaces comfortable during the season. TM52, which considered the whole year’s 
thermal conditions, despite the use of ceiling fans, found all the spaces overheated. These 
are reported in Sections 7.4.6 and 7.4.7. 
• From Section 7.5, the median daylight levels recorded during the fieldworks in four lecture 
theatres were found to have met the EN 12464 standards’ limits and the two codes from 
Nigeria, having exceeded the 300 lux threshold. However, none of the laboratories was 
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able to satisfy the recommended value of 500 lux, but they met the Nigerian codes’ 
thresholds (250 – 500 lux). This suggests that lower threshold is acceptable in the region. 
• Discussions in Sections 7.6.1 to 7.6.3 show that the WHO’s noise levels thresholds were 
mostly exceeded by the occupied background noise levels recorded in the learning 
environments, which largely happened to be occupants’ generated. Similarly the NUC’s 
guide recommendations of 50 dB(A) threshold was only exceeded in MPL during the 
summer, indicating that it works well for the region, because less complaints were 
received from the occupants.  
• The CO2 concentrations in the learning environments were all within the ASHRAE’s limit of 
1,200 ppm, but the levels in Dandatti (1,136 ppm) in the winter exceeded the CIBSE’s limit 
of 1,000 ppm. None of the two Nigerian codes provides any guidance on CO2 
concentration. 
• It is noted that there is a lack of comprehensive IEQ standards in Nigeria, the National 
Building Code and the NUC’s guide did not cover all the IEQ parameters, where provided, 
are not comprehensive enough in comparison with the general norm. For example, from 
Section 2.8 it can be seen that the NBC’s lighting threshold of 64.58 lux for educational 
buildings is grossly inadequate and therefore needs to be revisited (National Building Code 
(NBC), 2006). 
11.3.4: Objective 4 
Determining neutral and preferred temperatures and calculating comfort temperature 
ranges as well as evaluating adaptive comfort equation for the region: 
• From Section 8.5.1, a neutral temperature of 27.4°C was determined and is found to be a 
little higher than what was obtained by Ogbonna & Harris in Jos-Nigeria (26.27 °C), but 
lower than that of Enugu (28.8 °C) from south-eastern Nigeria. 
• Kano’s preferred temperatures were also evaluated for the winter, the summer and for 
the midseason, these are 25.6 °C, 33.7 °C and 29.7°C respectively (see Section 8.5.2).  
• The study evaluated a comfort zone of 22 °C to 32 °C for the region (see Section 8.6.1), 
with a comfort range of 10°C, is wider than the ASHRAE 55 range, and is also found to be 
within the Nigeria’s extended comfort zone of 20 °C to 34 °C, as recommended by the 
NUC’s guide.  
• Similarly from Section 8.6.2 an adaptive equation was also determined for the region using 
the monthly mean temperature in the Griffith’s equation: Tcomf = 0.49Trm + 15.13, where an 
r2 of 49% and a p < 0.001 were realised. Although the equation’s coefficient (0.49) is higher 
than that of EN 15251 and ASHRAE 55 standards, but the intercept value (15.13) is smaller. 
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11.3.5: Objective 5 
Ranking the IEQ variables in terms of their contribution towards achieving comfortable 
learning environments in the university: 
• Through ranking of the IEQ variables shown in Section 10.5, thermal comfort emerged top 
among the four IEQ parameters and visual comfort came last. This finding is in line with 
what was obtained from the perception section, where the respondents were not so 
concerned with lighting aspect. 
• Section 10.5.2 shows the ranking of the six learning environments where PHL came first 
and although FEES, AKTH and MPL were ranked second, third and fourth respectively, the 
differences between their average scores were very small. IH Umar came last, having done 
poorly in the midseason and in the summer. 
• Similarly both genders felt that thermal environment was more important to them, and 
the female wanted better indoor air, the male preferred acoustic comfort. Interestingly 
both genders were less concern with visual qualities of their environments, as analysed in 
Section 10.5.1. 
11.3.6: Objective 6 
Correlating the spaces’ architectural design characteristics with measured results and occupants’ 
perceptions: 
From the analyses shown in Chapter 9, using Pearson’s correlations the architectural design 
characteristics were found to have less impact on the learning environments’ IEQ. However, only 
shading devices showed a statistically significant correlation with the measurement results and the 
occupants’ satisfaction levels. However, further works are recommended to be undertaken in this 
regards. 
 
11.3.7: Objective 7 
Developing and disseminating key recommendations for improving the IEQ criteria and design 
characteristics against the results obtained:  
These are subdivided into three categories where the recommendations are targeted to 
policymakers, building managers/designers and scholars/academics: 
11.3.7.1: Recommendations to Policymakers  
• Due to the limited scope covered by the building standards in Nigeria (National Building 
Codes and NUC guides) there is the need to develop a comprehensive IEQ standard in the 
country. For example, the minimum operable window area to the total floor area of 5%, 
the total window area to the total floor area of 10% and the 64.58 lux for indoor lighting 
levels specified in the NBC as shown in Section 2.8 are inadequate and therefore need to 
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be reviewed. Although there is the need to lower the international lighting threshold levels 
to suit the region as demonstrated by the responses to the surveys in accepting lower 
lighting levels (see Table 7.11 and Section 7.8.5), but certainly 65 lux is quite inadequate, 
something in the neighborhood of 250 lux would serve.  
• As much as possible in the planning and construction of learning environments designers 
should be given free hand to exercise their knowledge and expertise in site selection and 
adhering to standards’ guidelines on occupancy ratio, so as to cater for the teaming 
students to counter the effect of discomfort due to overcrowding. This was observed from 
the conditions of the Teaching Hospital buildings that are well sited (see Section 4.3) and 
have plenty of room for the occupants (see Table 7.1 for occupancy ratios). 
• Budgetary allocations for the running of Higher Education is reported to be falling 
compared to the early years of higher education development in the country as shown in 
Section 2.9, this should therefore be augmented. 
11.3.7.2: Recommendations to building managers/designers 
• Now that neutral temperature (27.4 °C), preferred temperatures, comfort zone (22 °C – 32 
°C) and adaptive equation (Tcomf = 0.48Trm + 15.38) are found for Kano region, as reported 
in Chapter 8, opportunities are now presented to the building managers/designers in 
predicting, maintaining and designing our buildings for enhanced performance, this is 
especially pertinent due to paucity of electrical power supply in the region as observed 
during the fieldworks. 
• As shown in Section 10.5, for the design of learning environments in Nigeria, thermal 
comfort and indoor air quality and issues on locating the learning environments should be 
given more prominence over visual quality. However, a balance between WWR, provision 
of shading devices and daylight fenestration should be taken into consideration. As typified 
by the Teaching Hospital campus in Section 10.5.3, more use of greenery and trees in the 
region for shading, dust screening and beautification should be embraced. 
• Despite the fact that most individual design characteristics of the buildings did not show 
meaningful correlation with overall comfort as reported in Chapter 9, the presence of 
shading features seems to contribute more to preferred ambient conditions indoors, 
however, more research on this regard is needed. 
11.3.7.3: Recommendations to scholars/academics 
• Neutral, preferred and range of comfort temperatures as well as the adaptive comfort 
equation were determined using the data obtained in Chapter 8. Developing various 
versions of such indices for the different regions of Nigeria is essential in order to develop 
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pragmatic standards that will help in improving the current and future building stocks in 
the country.  
• The study is conducted in only six buildings and in a university in the northern part of 
Nigeria, a wider study involving more buildings will be required to include other sectors of 
the built environment. A nationwide study may therefore be relevant in order to develop 
comprehensive building codes for the whole nation.  
• Wide spread studies involving more buildings may lead to a greater understanding of the 
role other architectural design factors play in affecting the IEQ of buildings outside the 
ones evaluated by this study. Only four architectural design characteristics were 
considered by this study, shown in Chapter 9, other aspects such as material finishes, 
landscaping elements, fenestration factor, thermal mass, furniture, interior decorations 
etc. need to be studied in detail so as to ascertain how they influence the IEQ of buildings 
in general in the country.  
• As enumerated in Section 7.7, indoor air quality in relation to Kano region has many 
indicators; Sahara desert dust, CO2 concentration, particulate matter and the like, however 
this study concentrated more on CO2 concentration, therefore more is needed to be done 
especially in the areas of Sahara desert dust and particulate matter. 
 
11.4 Limitations of the study 
In addition to the points raised in Section 1.5, non-availability of time and paucity of funds for the 
study led to the limitations on the number of buildings monitored, limited the type and quantity 
of the measuring instruments used and the discouraged the engagement of research assistances. 
Given a second chance, state of the art instruments will be acquired and research assistances will 
be engaged in order to monitor more buildings. The monitoring exercises will be conducted 
separately for mornings and afternoons so as to avoid misrepresentation. For the correlation of 
architectural design characteristics with comfort indices, more IEQ variables will be measured and 
more of the design features will be included. Similarly, for the ranking of the buildings using the 
IEQ variables, the question on their preferences will be asked in all the monitoring exercises and 
not just during a single investigation. 
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Abstract: Poor environmental comfort in learning spaces can have an impact on the learning capacities of 
students. It is not unusual to find learning spaces in Nigerian higher institutions in which the indoor 
environmental qualities do not meet the occupants’ requirements. Despite being in the tropics, where solar 
radiation is in abundance, Nigerian building industry professionals pay little attention to passive energy 
utilization.  Knowing how buildings perform in the country may appeal to their consciousness in 
reconsidering this situation. This paper is part of an ongoing study on comfort in higher education facilities 
involving lecture theatres and laboratories in Bayero University, Kano, Nigeria. Objective and subjective 
assessments were undertaken during the wet-warm season of August 2016. It reports the assessment 
conducted on two laboratories, with a view to finding how they perform environmentally in comparison to 
occupants’ preferences and international comfort standards. Although some of the measured and calculated 
physical parameters, have not met the thresholds specified by ASHRAE-55 and EN 15251, the respondents 
expressed their acceptance of the laboratories’ situations subjectively. This is not surprising as these 
standards are often based on experiments implemented in developed countries, where the severity of the 
climatic conditions and the culture are dissimilar to sub Saharan Africa. 
Keywords: IEQ, Predicted Mean Vote, Predicted Percentage of Dissatisfied, Kano, Nigeria  
 
Introduction 
Indoor environmental quality (IEQ) investigations in several buildings, such as offices, hospitals, 
schools and shopping malls, have been on the increase since the middle of the last century. Such 
an increase in the studies could be attributed to the concern of the adverse effect poor IEQ has on 
people’s comfort and wellbeing, which potentially affects their productivity and performance (Dias 
Pereira et al., 2014; Heath & Mendell, 2002). As vividly captured by Almeida (2014), that it is the 
combination of rising indoor occupancy levels, health requirements, environmental concern, new 
construction practices, rising occupants’ expectations, development of new indoor finishes and the 
desire to cut down on energy costs that led to the need of the IEQ studies. Similarly, the need to 
contribute to the effort of decreasing global warming in reducing energy consumption from fossils 
sources has led to the rise in such types of studies.  
Many studies have been evaluating IEQ and analysing indoor conditions through 
investigating the thermal, visual and aural environments as well as indoor air quality (IAQ) (Catalina 
& Iordache, 2012; Frontczak et al., 2012; Nimlyat & Kandar, 2015). Frequently reported poor IEQ 
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concerns include discomfort due to high or low temperatures and relative humidity; high level of 
carbon dioxide concentration (CO2), carbon monoxide (CO), volatile organic compounds (VOCs) 
and PM; inappropriate lighting levels and presence of glare and occurrence of noise. Poor thermal 
environment affects occupants’ mental performance as well as increasing stress and fatigue among 
them (A. Auliciems, 1972). Appropriate quality and quantity of light are important to building 
occupants’ health and wellbeing, affecting their mood, emotion and mental alertness (Salonen, 
2013). Acoustic discomfort is shown to cause fatigue, headaches, annoyance, changes in behavior 
and attitude leading to decrease in intellectual working ability and sleep disorders (Hodgson, 2000). 
High level of PM was reported to increase respiratory symptoms and acute lung diseases in schools 
(Rumchev, 2003). Raised concentrations of CO2 is also associated with morbidity, absenteeism in 
school children and office workers (Valavanidis & Vatista, 2006).  
Although IEQ studies including those in higher education institutions are on the increase, 
most of the published works deal with buildings located in temperate climate zones and mainly 
situated in wealthier parts of the world, and not in Sub Saharan Africa. Some examples of 
researches conducted in higher education buildings include (Al-Maiyah et al., 2015; Mishra & 
Ramgopal, 2013; Ogbonna & Harris, 2008; Ugranli et al., 2015). 
Furthermore, most of the studies in higher education facilities tend to concentrate on 
classrooms, lecture theatres, libraries, offices, students housing, and fewer works were done on 
laboratories (Rumchev, 2003). The few articles published on laboratories were mostly concerned 
with a single aspect of the IEQ, which is IAQ. Rumchev et al., (2003) investigated 15 laboratories at 
the Curtin University of Technology, Perth, Australia. Ugranli et al., (2015) investigated IAQ and 
two comfort related variables (air temperature and relative humidity) in chemistry and chemical 
engineering laboratories at Izmir Institute of Technology, Turkey. 
This paper therefore reports the assessment conducted on two laboratories, with a view to 
finding how they perform environmentally in comparison to occupants’ preferences and 
international comfort standards. Environmental parameters were physically measured while a 
sample of students completed paper based questionnaires on comfort parameters. 
Methodology  
Description of the research location 
Bayero University (BUK) is a conventional university, situated in Kano, Nigeria. Kano is located on 
latitude 12⁰N and longitude 8.17⁰E, 473 m above sea level and in the savannah vegetated region 
of West Africa. Maximum temperature reaches 39⁰C in April and May and goes down to 12⁰C in 
December and January and it is sunny 71% of the daylight hours (climatemps.com, 2017). Relative 
humidity hovers between 10% and 80% and the annual precipitation is about 700 mm. As with 
other parts of Nigeria, the city is faced with the problem of perennial haze/dust blown in November 
to February from Sahara desert.  
BUK has about 30,000 students admitted within 14 faculties, undergoing various 
programmes from three campuses spread across the city of Kano. From the last eight years the 
university’s landscape has been transforming by adding new structures and retrofitting existing 
ones. The selected laboratories for the study were chosen from the Old campus and Teaching 
hospital. These are, Multipurpose Laboratory (MPL), used for approximately 30 hours per week by 
Science faculty for their level 100 undergraduate students and Phantom Laboratory (PHL), used for 
about 18 hours per week, by the clinical students of Dentistry faculty. The characteristics of the 
laboratories are shown in Table 1.  
Appendix 
Page 301 of 356 
 
 
Table 1: Characteristics of the Laboratories 
Attributes Multi-purpose Laboratory  (MPL) Phantom Laboratory (PHL) 
Capacity 125 seats 40 seats 
Length x width x height 20 m x 15.50 m x 3.27 m 17.8 m x 7.3 m x 3.48 m 
Occupancy density 2.48 m2/person 3.25  m2/person  
Wall finishes Light paint on cement plaster Light paint on cement plaster 
Ceiling finish White Celotex acoustic boards White Celotex acoustic boards 
Area of glazing 41.86 m2   (no blinds) 19.80 m2 (has internal blinds) 
Glazing factor 15.76% 15.24% 
Number of window-walls Three Two 
Window-walls orientations South, East and North West and East 
Window-wall area ratio 18% West 11% and East 11% 
Type of furniture finish Metal/wood tops and soft seats Metal/wood tops and soft seats 
Presence and type of shading  Shaded by fins Internal blinds and one sided 
verandah 
 
Physical Measurement 
Both the physical measurements and the surveys were conducted based on procedures consistent 
with ASHRAE standard 55-2013. A number of instruments were used to measure the indoor 
environmental parameters. The spot measuring instruments were simple and hand held. They 
include HOBO loggers for air and radiant temperatures, relative humidity, carbon dioxide (CO2) 
concentration, and illumination; Trotec BZ30 for air temperature, relative humidity and CO2 
concentration; Testo 435-2 meter for air velocity; PCE-DT 9880 for particulate matter (PM) and 
Extech HD600 meter measures sound pressure levels.  
Temperature, relative humidity, air velocity, sound pressure levels and CO2 concentration, 
using the hand held instruments by the researcher, were spot measured in five locations, each for 
five minutes and at 1.1m above the floor. Whereas illumination levels were spot measured in nine 
locations at the same height. Daylight was obtained when electric lights were off and window 
blinds opened. Photographs of the interiors of the laboratories and points of measurements are 
marked on the floor plans shown in Figures 1 and 2. Though air conditioners were not in operation, 
ceiling fans were on most of the time and windows opened. Measurements were conducted in two 
situations, during occupied and unoccupied conditions. External weather data were obtained using 
pendants on the buildings’ exteriors.                                                             
Figure 1: Multipurpose Lab. (MPL)                                  Figure 2: Phantom Lab. (PHL) 
NOTATIONS:  T: Temperature; L: Lighting; C: Carbon dioxide concentration; S: Sound 
N 
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Subjective Measurement  
In line with the capacities of the laboratories, a total of 160 paper based questionnaires were 
prepared, for the occupants to answer. It contains six sections covering; thermal, acoustic and 
visual comfort, indoor air quality and demographic information. In addition, sketches of the 
respective learning environments were included for the occupants to indicate their approximate 
sitting positions. A total of 105 questionnaires (86 and 19 for the MPL and PHL respectively) were 
subsequently distributed, filled and collected back. The surveys were administered between 12 
noon and 12:30 pm on 22nd August 2016 in the PHL, while in the MPL it took place on 29th August 
2016 at 10:45 am. The questionnaires were answered by the students, teachers and support staff.  
Typical questions on the parameters took the form of: how comfortable are you with 
thermal condition of this space now? How would you describe the temperature, natural and 
artificial lighting, noise and odour in this space? Responses required by these questions were made 
on a mixture of categorical (e.g. acceptable and unacceptable; comfortable and uncomfortable) 
and seven point Likert scales between two extremes; cold and hot; satisfactory and unsatisfactory; 
too much and too little; significant and not significant; pleasant and unpleasant, following the 
methods used in previous studies (Al-Maiyah et al., 2015; Montazami et. al., 2016). 
Similarly a list of typical clothing ensembles worn by the respondents in the environment 
was provided for them to indicate the ones they had on. Thermal sensation vote was to be 
expressed on the ASHRAE standard 55 seven-point scale (e.g. cold, cool, slightly cool, neutral, 
slightly warm, warm and hot). This allows the evaluation of “actual mean vote” (AMV) and the 
dispersion regarding the “actual percentage of dissatisfied” (APD). These were compared with the 
Fanger’s Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied (PPD). 
 
Table 2: Measured Internal Parameters 
 
Laboratories  Air 
Temperature 
(°C) 
Relative 
Humidity (%) 
Illumination 
(lux) 
CO2 
Concentratio
n (ppm) 
Background 
Noise dB(A) 
Air Velocity 
(m/s) 
Particulate 
Matter (per 
m3) 
Unoc
cupi
ed 
Occu
pied 
Unoc
cupie
d 
Occu
pied 
Day
-
ligh
t 
Glob
al 
Uno
ccu
pied 
Occu
pied  
Unoc
cupie
d 
Occu
pied  
Fans 
off 
Fans 
on 
PM 
2.5 
P
M
10 
Multip
urpose  
Min 28.1 31.0 71.6 61.4 78 98 602 633 50.0 54.2 0.12 0.28 179 17 
Max 28.5 31.7 74.8 66.5 456 545 807 1028 50.4 62.3 0.21 0.74 222 48 
Mean 28.3 31.5  72.9  64.2  205 262 650  784  50.3  57.1  0.20 0.61 186 31 
Phanto
m  
Min 24.3 26.4 68.1 66.7 81 165 593 654 48.9 59.0 0.12 0.34 130 15 
Max 24.4 28.6 68.8 70.7 221 468 660 884 51.0 60.8 0.17 0.69 150 25 
Mean 24.3 28.3 68.4  68.8  188 286 627  727  50.0  59.7  0.15 0.60 139 17 
Standards’ Limits 
and ranges 
24.5⁰C-28⁰C 
Summer 
23.3⁰C-
25.5⁰C winter 
(ASHRAE-55) 
30-60% 
(ASHRAE-55) 
500 lux for 
laboratory 
(EN-12464) 
1200 ppm for 
any learning 
environment 
(ASHRAE 62-
2004) 
40-45dB(A) 
for laboratory 
(WHO 2006) 
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Finally, demographic data of the participants was requested for the determination of their personal 
characteristics, which helped in developing appropriate summary statistics. In order to eliminate 
the impact of metabolic rate on the respondents, the questionnaires were administered in each 
space after 30 minutes into the laboratory sessions, adopted from previous study (Montazami et 
al., 2016). Similarly lighting, acoustic and air qualities parameters were evaluated on categorical 
and seven point Likert scales. 
Results and Discussion 
International comfort standards’ recommendations offered by ASHRAE Standard-55 2013 and EN 
15251 and the grouping method followed by Almaiyah et al. (2014) were used for the evaluation 
of the laboratories’ indoor environmental conditions. Thermal and visual comfort parameters were 
evaluated through both subjective and objective means. Likewise noise level was evaluated by 
measuring the background noise level and by asking the occupants about their aural perceptions. 
Indoor air quality was adjudged by measuring CO2 concentration, PM2.5 and PM10. It is worth noting 
here that, in this study however, only the singular values of PM2.5 and PM10 were used due to 
instrument limitation. The maximum, minimum and mean of the measured internal parameters as 
recorded during the survey are displayed in Table 2. 
Measured Results 
Due to the differences in dates and times of measurements and the occupation situations, the air 
temperatures during the occupied time were generally higher, reaching 31.7 ˚ C and 27.6 ˚ C for MPL 
and PHL respectively. The reverse was the case with relative humidity, in MPL it was higher when 
the space was unoccupied, reaching 74%, while the occupied figures stood at 66.5%. As with air 
temperature, the relative humidity in the PHL was higher during the occupied time, reaching 
70.7%. Air speed reached 0.34 m/s with fans on and windows opened in MPL but was 0.45 m/s in 
PHL. This variation could be as a result of the differences in the siting of the laboratories, as well as 
their design features and varied occupancy levels. 
Light distribution in the laboratories was uneven, some locations in MPL had as low as 78 lux 
natural lighting and 456 lux by the windows, with uniformity ratio (Emax/Emin) of 5.8:1. The 
daylight situation in PHL was a little better, has uniformity ratio of 4.8:1. This could be due to the 
differences in the laboratories’ compactness ratios. Differences exist in background noise levels in 
the laboratories, in MPL had 62.3 dB(A) when occupied and PHL 60.8 dB(A). Perhaps this could also 
be due to the location where PHL was sited, being more isolated. 
CO2 concentration during the occupied time reached up to 1028 parts per million (ppm) in 
MPL and was halved when unoccupied, while in PHL it was only 884 ppm. These however did not 
exceed the ASHRAE 62’s threshold value of 1200 ppm. PM2.5 and PM10 values respectively were 222 
and 48 particles per m3 in MPL, but at some points they went as low as 179 and 17 particles per 
m3. However, these values were considerably lower in PHL, which might be due to frequent use of 
chemicals in MPL and less in PHL.  
Survey results 
The survey revealed that females accounted for 47% of the respondents, 94% were students and 
89% were below the age of 25. From the clothing ensembles, clo values of 0.67 and 0.71 were 
calculated for MPL and PHL respectively (with a range of 0.5 to 0.85 clo). Metabolic rate for 
laboratory activity was fixed at 1.4 met (Tyler, 2013).  
Generally the thermal perception in both laboratories was adjudged acceptable. From Figure 
3, about two thirds of the respondents in MPL reported that the space was comfortable and no 
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one found PHL uncomfortable. Despite this general acceptance, still some 8% and 21% of the 
respondents reported that the laboratories were “hot” or “too hot”. In Figure 4, 41% and 0% 
reported they were “cold” or “too cold” in MPL and PL respectively. 
                       
 
On the quality of visual environment, 65% and 95% of the respondents in MPL and PHL 
respectively expressed their satisfaction with the global lighting levels as depicted in Figure 5. 
Similarly, only 21% and 22% reported that natural light was excessive and 23% and 17% said it was 
too little in MPL and PHL respectively. On the other hand, report on the level of glare perception 
as shown in Figure 6, was generally favourable, only 8% and 0% of the respondents perceived too 
much glare in the respective laboratories.  
 
          
Acoustically, the respondents showed very good satisfaction with the laboratories’ 
background noise levels, only about 12% of those in MPL showed their dissatisfaction, as depicted 
in Figure 7. It was concluded from the responses that the main sources of the acoustic discomfort 
in the MPL were noise generated by their colleagues, this was reported by 43% of the respondents, 
while 25% of them said it was by external noise intrusion probably from traffic, as the lab is sited 
close to students’ parking area.  
 
 
 
Similarly the survey examined the respondents’ perception about the quality of air in the 
laboratories. Figure 8 shows that there was general acceptability in the quality of air in MPL, 65% 
attested to that, while 35% of them did not. Sources of the mild discomfort within the laboratory 
might be as a result of frequent use of chemicals, smoke rising from Bunsen burners, human 
effluents due to high occupancy level and absence of fume cupboards. However, there was an 
overwhelming acceptance of the air quality within PHL, with as much as 95% of the respondents 
agreeing and only 5% showed their dissatisfaction. 
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Comparison 
Values of Fanger’s PMV and PPD on the survey date, running mean, and operative and comfort 
temperatures for the laboratories were calculated. The values of the PMV stood at +1.43 and +0.79 
while PPD results were 47% and 18% respectively for MPL and PHL. These values indicate that the 
overall thermal sensation in both laboratories was warm, as laid out in the provisions of ISO 7730 
(ISO (2005), 2005). On the other hand, the AMV from the survey reported mixed perceptions, with 
-0.38 (slightly cool) and +0.77 (slightly warm) in MPL and PHL respectively. This therefore calls for 
further study. However, the calculated comfort ranges, according to EN 15251 (CEN, 2007) for 
buildings type II in MPL, stood at 25.1˚C to 31.1˚C, while in PHL it was 25.2˚C to 31.2˚C. This signifies 
that EN 15251 could perfectly be used in predicting thermal conditions in Kano, as reported by 
Mishra and Ramgopal (2015). 
According to EN 12464 standard (CEN, 2011), global lighting levels in laboratories should be 
above 500 lux. The lighting situations in both laboratories were therefore insufficient, having 
averages of 262 and 286 lux. However, the survey results indicated otherwise. More than two 
thirds of the respondents were happy with the global lighting situations in both laboratories. 
Having higher lux and with greater percentage of respondents showing more satisfaction with the 
global lighting situations in PHL, it revealed that PHL was visually a preferred space. This could be 
attributed to PHL’s compactness, window height above the floor and the presence of high furniture 
in MPL that restricts the passage of daylight. 
Measurement revealed that the highest CO2 concentration of 1028 ppm was found in MPL, 
although it seemed high, it was however within the limit specified by ASHRAE 62, which is above 
1200 ppm. Although the CO2 concentrations in both laboratories were within the ASHRAE 
threshold, yet about one third of the respondents in MPL reported their dissatisfaction and 5% in 
PHL. This showed the subjectivity of comfort, which concurs with findings of Ugranli et al., (2015). 
The average background noise levels of 57.1 dB(A) and 50.0 dB(A) respectively found  in MPL and 
PHL, though seemed low, but were found to be higher than the limit of 35 dB(A), as laid out by 
WHO (W. H. O. WHO, 1999). On the contrary, the respondents indicated their acceptance of the 
situations, only 12% of them were not satisfied with the aural conditions in MPL, while 11% were 
undecided in PHL.  
Conclusion 
The study, aimed at investigating IEQ in two laboratories in Bayero University, Kano, Nigeria, was 
conducted during the wet-warm season of August 2016. The scope included the comparison 
between experimental and surveyed data of the laboratories as well as against thresholds of 
relevant international comfort standards. Various physical parameters were measured which 
culminated into calculating some comfort indices. Concurrently, the occupants of the laboratories 
were subjected to a survey to determine their actual comfort perceptions. In line with the results 
obtained by some previous IEQ researches, this study, though part of a larger and longitudinal field 
work, also found discrepancies between measured and surveyed data, as well as with the comfort 
standards. Generally the results of the measured parameters were found to be higher than most 
of the standards thresholds with exception of CO2 concentration. This divergence may not be 
unconnected with the situations of the dominant climatic conditions of the region at the time of 
the work. However, the survey data results showed acceptance of the indoor conditions of the 
laboratories by the respondents. Both the measured and the surveyed data of the PHL were more 
consistent and acceptable to the respondents than those of the MPL. This disparity may be 
explained by the compactness of PHL and the siting of the two laboratories. PHL is sited at the 
Teaching Hospital campus, though within the heart of the city, it is placed deep inside the campus 
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and therefore buffered from the city traffic. MPL, on the other hand, is sited at the Old campus and 
very close to the students housing parking area. It is therefore worth noting that good siting, 
compactness, wide and operable windows as well as control of occupancy levels need to be taken 
into consideration when setting up a laboratory in the tropics. 
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Appendix 6:  
Effects of ceiling fans on the thermal comfort of students 
in learning environments of Bayero University, Kano, 
Nigeria 
 
Abstract 
It is well known that thermal comfort is influenced by major physical parameters; air and radiant 
temperatures, humidity, and air speed in combination with personal attributes; clothing insulation 
and activity level. Although temperature is conventionally considered in adaptive thermal comfort 
model, as the most important physical parameter where cooling is involved, moderate air speed 
can enhance thermal comfort during higher temperatures. Through convective and evaporative 
cooling, ceiling fans cool people by causing sweat from the occupant’s body to evaporate. The 
northern part of Nigeria, being in the tropics, is known for higher temperature regimes for most 
part of the year. The use of air conditioning to achieve thermal comfort is not sustainable, for 
economic reasons and the lack of stable electrical energy. Therefore, a majority of naturally 
ventilated spaces could be kept thermally comfortable with the control of ceiling fans and operable 
windows. As part of an research work on learning environments in a Northern Nigerian university, 
this study reports on the effects of ceiling fans on the thermal comfort perception of the students 
in two lecture theatres. In addition to the measurements of air speed, air and radiant 
temperatures, relative humidity, a comfort survey was also undertaken in the spaces, from which 
activity levels and clothing insulations were obtained. Adaptive thermal comfort standards, 
ASHRAE 55 and EN 15251, state that thermal comfort can be maintained as air temperature rises 
with the use of ceiling fans operating at moderate speed. The results from this study show that 
reductions of 31% and 22% reduction in overheating from the two lecture theatres were realised, 
as a result of ceiling fans usage, measured by the degree hour’s exceedance indicator. These results 
were further corroborated by the students’ acceptance of thermal conditions of the lecture 
theatres at temperatures above Tmax. 
 
Introduction 
There is no rains and no cloud cover in the dry season in Northern Nigeria, resulting in warm 
weather conditions and making indoors environments thermally uncomfortable. Outside air 
temperature especially in April can reach 40 °C necessitating the use of air conditioners to keep a 
cool environment. However, this is complicated by the lack of stable energy supplies in Nigeria 
(Akande, 2010). This makes the use of air movement to facilitate indoor comfort very attractive 
not only in Kano, a city in Northern Nigeria, but in all hot climates around the world (Nicol, 2004). 
Even before the advent of fossils fuels, human beings learnt the art of excluding the effects of 
extreme weather from their dwelling units, in high latitude areas and elsewhere in the cold season 
fires were kindled, layers of clothing added to keep warm, and massive walls and roof constructed 
to store and utilize solar radiation. During the hot season however, lighter clothing was preferred, 
people changed their activities, others slept outdoors and in the daytime tree shades were sought 
for relaxation and hand held fans were widely used in order to keep cool (Candido et al., 2010; 
Inusa & Alibaba, 2017; Li et al., 2017). Gradually buildings were made to perform environmentally 
with natural ventilation through openings; doors, windows and other architectural openings 
(Candido et al., 2010). With the invention of electrically powered fans, ceiling and movable 
personal fans become popular in the hot and dry climates, and it was only in the first half of the 
Twentieth Century that air conditioning was invented (De Decker, 2014). Although air conditioning 
(AC) is widely used as a means of meeting thermal comfort requirements where availability and 
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affordability of energy permits, ceiling fans are technically simple, can be operated by non-
technical occupants, are inexpensive and with relatively low electrical energy use (Aynsley, 2005; 
Voss et al., 2013).  Zhai et al. (2013) found out that the average energy consumed by the fans for 
maintaining comfort was lower than 10 W per person, making air movement a very energy-efficient 
way to deliver comfort in warm- environments. Fans are further different from ACs, because the 
latter provide a uniform thermal environment in a space, which may not be agreeable to all 
occupants, while fans, especially personal ones, allow the creation of different micro climates (Zhai 
et al., 2013). 
 
Air velocity is used to influence thermal comfort of occupants by encouraging heat loss from their 
bodies through convection and evaporation (McIntyre, 1978; Schiavon & Melikov, 2008). It is also 
understood from the guidance of TM52 that ceiling fans when operated under moderately 
controlled air speed, enhances thermal perceptions of indoor occupants (CIBSE TM52 (2013), 
2013). Accordingly, the guidance specifies that an air velocity of between 0.30 m/s and 0.8 m/s, 
raises the upper comfort temperature boundary (Tmax). This is reiterated by the ASHRAE standard 
55-2013 which states that a controlled increase in air speed from 0.2 m/s to 1.2 m/s in an occupied 
area raises the upper acceptable operative temperature (ASHRAE (2013), 2013).  
 
Research further suggests  that an air speed of about 1 m/s is capable of offsetting a 3°C increase 
in indoor temperature, and a 3 m/s effects about 7°C Aynsley (2005). Similarly Nicol & Humphreys 
(1973) in an analysis on thermal comfort conducted in Northern India and Iraq, found that air 
movement can result in the reduction of temperature by as much as 4 °C, this was further 
confirmed by Sharma & Ali (1986) when developing a tropical summer index with Indian subjects. 
These studies and similar others led the international thermal comfort standards to put forward a 
relationship between the comfort temperature and the increase in air velocity as demonstrated in 
Figure 1 (CEN, 2007). 
 
 
 
Figure 1: Air speed required to offset increased temperature (CEN, 2007) 
 
Ceiling fans are common features of interior spaces in tropical and sub-tropical regions (Candido 
et al., 2010; Nicol, 2004). Although the usefulness of ceiling fans is not in doubt, unlike in hot 
climatic regions, they are not commonly used in the temperate and the higher latitude regions. 
This could be partly because heating requirements are far greater than the cooling needs. 
However, some believe e.g. (De Decker, 2014), that ceiling fan’s usage and popularity were affected 
by the limit of 0.2 m/s indoor air movement recommended by ASHRAE standard 55 and ISO 7730, 
which was perhaps introduced to avoid drafts indoors. This limit is the same the whole year round, 
that is, for both winter and summer seasons. While in the winter, air movement indoors could be 
counter-productive, it is desirable in the summer. Fortunately, the two last ASHRAE revisions, 
which brought in ASHRAE 55-2013, took care of the threshold by varying the air speed from 0.2 
m/s up to 1.2 m/s, and for higher activity levels over 1.3 met there is no limit (Nicol et al., 2012).  
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Figure 2: Photographs of learning environments furnished with ceiling fans 
 
 
This paper therefore seeks to further investigate whether ceiling fans could keep the thermal 
comfort of an indoor environment at a reasonable level and to evaluate the levels of contribution 
they make in enhancing the thermal qualities of learning environments in Bayero University, Kano. 
This is to be achieved by evaluating levels of overheating in two selected lecture theatres, through 
physical measurements and survey data. Figure 2 shows photographs of some learning 
environments furnished with ceiling fans in the University to facilitate indoor comfort.  
 
Fieldwork 
This study was carried out in Bayero University, Kano (BUK). Kano, is situated on latitude 12 °N and 
longitude 8.17 °E, in the Savannah region of West Africa. It is the second largest and most populous 
city in Nigeria after Lagos. Maximum outdoor temperature reaches 40 °C in April and May and goes 
down to 12 °C in December and January (Mohammed et al., 2015). It receives an average of 
3,117 hours of sunlight annually and it is sunny 71% of daylight hours. Relative humidity hovers 
between 15% and 70% and Kano receives its highest precipitation of about 900 mm in August 
(Inusa & Alibaba, 2017). Being situated within low latitudes combined with high solar radiation and 
low humidity, Kano region is classified as having a hot and dry climate according to Koppen’s 
classification. Therefore in Kano, the area of this research, cooling, minimizing heat gain, diversion 
of direct sunlight and humidification are required for indoor comfort.  
 
The fieldwork was undertaken from August 2016 to May 2017, and was conducted on three 
different occasions; during the rainy season of August, 2016 (warm and wet), then in January, 2017 
(winter season) when it was cool and dry and finally in May, 2017 (summer season) when it was 
hot and dry. The selected lecture theatres for the study were chosen from two campuses: New 
campus and Aminu Kano Teaching hospital (AKTH), and respectively from the Faculties of Earth 
and Environmental Sciences (FEES) and Clinical Sciences. Therefore for brevity, the new campus 
theatre will be referred to as “FEES” and the one at the Teaching Hospital as “AKTH”. The 
characteristics of the theatres are shown in Table 1. 
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Physical Measurements 
During the fieldworks, both the physical measurements and surveys were conducted based on 
procedures consistent with ASHRAE standard 55-2013. A number of instruments were used to 
measure the thermal comfort parameters. Air temperature and velocity and relative humidity were 
spot measured and only air temperature and relative humidity were logged. Hobo MX1102 were 
used to log air temperature and relative humidity, 150 mm matt finished globes fitted with Hobo 
pendants captured the radiant temperature and Testo 435-2 meter was used for air velocity. The 
spot measurements were conducted in five locations, each at 1.1m above the floor. Measurements 
were conducted in two situations, during occupied and unoccupied conditions. Photographs of the 
interiors of the lecture theatres and external views are shown in Figure 3.          
 
 
 
 
  
Figure 3: Internal and external views of the lecture theatres: Top is AKTH and bottom is FEES  
  
 
Subjective Measurements  
Paper-based questionnaires were prepared containing seven sections covering; thermal, acoustic 
and visual comfort, indoor air quality, clothing ensembles, sketches for occupants to indicate their 
locations and demographic information. As part of an extended PhD work involving an assessment 
of the indoor environmental quality (IEQ) parameters of various learning facilities, this study is 
reporting the thermal comfort aspect, which is directly influenced by the air movement. A total of 
459 questionnaires (123 and 336 for the AKTH and FEES respectively) were subsequently 
distributed, filled and collected back, on the three occasions. Seven point Likert type ASHRAE 
thermal sensation scales were used to assess both the thermal conditions and the air movement 
in the spaces as shown in Tables 2, 3, 4 and 5. 
 
Characteristics 
of the Lecture 
Theatres 
Table 1: Design Characteristics of the Learning Environments 
Capacity 
(seats) 
Volum
e (m3) 
Floor 
area 
(m2) 
Average 
Height 
(m) 
Window-wall 
orientation 
No. of 
Ceiling 
fans 
Floor 
Situation 
Window – 
Wall Ratio 
FEES 120  1,368 263 5.2 South/North/
West 
12 Tiered 7% 
AKTH 120  1,829 381 4.8 North/South 14 Tiered 27% 
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Table 2: Measured and Derived Thermal Comfort Indices 
 
 
 
 
Table 3: Thermal comfort acceptability scale 
1 2 3 4 5 6 7 
Very 
Comfortable 
Comfortable Slightly 
comfortable 
Okay Slightly 
uncomfortable 
Uncomfortable Very 
uncomfortable 
 
 
Table 4: Thermal sensation scale  
-3  
Unacceptable 
-2  
Unacceptable 
-1  
Acceptable 
0  
Acceptable 
1 
 Acceptable 
2  
Unacceptable 
3  
Unacceptable 
Cold Cool Slightly cool Neither Slightly warm Warm Hot 
 
 
 
Table 5: Thermal preference scale 
-3 -2 -1 0 1 2 3 
Wanting 
cold 
Wanting cool Wanting 
slightly cool 
Wanting no 
change 
Wanting 
slightly warm 
Wanting warm Wanting hot 
 
  
 
 
 
Both the physical measurement and the survey results were used in evaluating the thermal 
conditions of the two theatres by following the grouping method system adopted by Al-Maiyah, 
Martinson and Elkhadi (2015). The 7-point scale was converted into three-point scale by merging 
the responses in the first two categories into one ’comfortable’ category and merging the last two 
Parameters/Theatres FEES  AKTH 
Aug/Sept 
(warm & 
wet) 
Jan/Feb 
(cool & 
dry) 
Apr/May 
(hot & dry) 
Aug/Sept 
(warm & 
wet) 
Jan/Feb 
(cool & 
dry) 
Apr/May 
(hot & dry) 
Air temp (˚C) 
Standard deviation 
26.80  
0.82 
29.20  
0.31  
34.40  
0.25  
27.40  
0.73 
25.30  
0.44 
35.60  
0.26 
Air velocity (m/s) 
Standard deviation 
0.61  
0.05 
0.02  
0.03 
0.65  
0.06 
0.58  
0.07 
0.06  
0.04 
0.63  
0.05 
External air temp (˚C) 
Standard deviation 
29.10  
1.28 
26.40  
0.74 
38.60  
1.72 
27.90  
1.95 
22.80  
0.61 
37.50  
1.76 
Relative humidity (%) 
Standard deviation 
Clothing insulation 
69.60 
2.48 
0.66 
13.80  
1.03 
0.72 
41.90  
2.29 
0.65 
60.20  
1.06 
0.65 
18.30  
1.87 
0.71 
36.40  
2.52 
0.60 
Operative temp (˚C) 
Standard deviation 
26.97 
0.39 
29.30 
2.13 
33.36 
1.87 
27.30  
0.51 
25.60  
1.75 
34.90  
1.76 
Operative temp (no fan) 
(˚C) 
Standard deviation 
27.00 
0.30 
29.45 
2.25 
32.55 
1.86 
27.45  
0.42 
25.60  
1.77 
34.55  
1.72 
Running mean temp (˚C) 27.60 23.80 34.40 27.40 25.40 36.50 
Predicted mean votes 
(PMV) 
0.24 1.35 1.56 0.36 0.38 2.02 
Actual mean votes (AMV)  
Standard deviation 
-0.20 
1.54 
-0.75  
1.30 
1.44  
1.02 
-0.08  
0.85 
-1.03  
0.69 
1.93  
0.96 
Neutral temp (˚C) 27.80 26.70 30.20 27.80 27.20 30.80 
Comfort temp range (˚C) 24.8-30.8 23.7-29.7 27.2-33.2 24.8 – 30.8 24.2-30.2 27.8-33.8 
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categories into ‘uncomfortable’ while the three central categories formed the ‘moderately 
comfortable’. Similarly the recommendations of ASHRAE Standard 55 (2013) and CEN 15251 (2007) 
were followed. Further to this, degree hour’s exceedance, an indicator of overheating, was also 
used to determine the deviation of thermal conditions in the theatres from the CEN 15251 adaptive 
comfort threshold. The predicted mean vote (PMV) model and adaptive approach using operative 
temperature were also employed in the analysis. Similarly the chart in Figure 1, relating the air 
movement and comfort temperature, were used to determine the likely contribution of the air 
velocity to comfort in the spaces. The values of the measured and derived thermal comfort 
parameters found in the spaces are displayed in Table 6. It is worth noting however that the air 
temperature, relative humidity and air velocity measurements in the spaces were for occupied 
situations, the unoccupied values are not very critical for this study, because ceiling fans were 
seldom used during the winter in Kano, as shown by the low air velocities.  
 
Table 6: Air movement acceptability scale 
-3 -2 -1 0 1 2 3 
Too 
draughty 
Draughty Slightly 
draughty 
Okay Slightly still Still Too still 
 
Measured results 
The air, mean radiant and external temperatures, air velocities and relative humidity are the main 
parameters measured and reported in Table 6 above. The table also contains values that were 
derived, including operative temperature (Top), running mean temperature (Trm), predicted mean 
vote (PMV), the adaptive neutral temperature (Tcomft) and comfort temperature range, similarly fan 
modified neutral and comfort temperature range are shown.  Other derived values from the 
questionnaires include: actual mean vote (AMV) and actual percentage dissatisfied (APD), which 
are processed from the results of the answers obtained from the survey questionnaires.  
 
The operative temperature (Top) is an important parameter in assessing the likely thermal comfort 
of the occupants of a building, known as dry resultant temperature, but renamed as operative 
temperature to align with ASHRAE and ISO standards. It is a simplified measure of human thermal 
perceived temperature derived from mean air temperature, mean radiant temperature and air 
speed (see equation 1). Where the air speed is less than 0.1m/s, the radiative and convective heat 
transfers may be similar, so Top becomes the average of the air and mean radiant temperatures 
(Nicol et al., 2012). The calculated Top with and without the influence of fans were also shown in 
Table 6 above. 
     
𝑇𝑇𝑇𝑇𝑒𝑒 = �𝑇𝑇𝑇𝑇𝐶𝐶 + 𝑇𝑇𝑇𝑇 × √10𝑃𝑃𝑇𝑇1 + √10𝑃𝑃𝑇𝑇 �                                                                 Equation   1 
Where Ta is the air temperature, Tmr is the mean radiant temperature and Va is the air speed 
(m/s). 
The operative temperature values were obtained by processing the values of air and mean radiant 
temperatures in Equation 1 above and were used to determine the adaptive thermal comfort 
temperature ranges and neutral temperature. PMV was calculated using the Centre for the Built 
Environment (CBE) thermal comfort tool for ASHRAE, the clothing insulation (clo) values were 
obtained from the questionnaires while the metabolic rate (met) of 1.2 met for seating and 
listening was used (Tyler, 2013). AMV is the mean of the thermal sensation votes of all participants 
of a survey in a real world setting as opposed to PMV, which is laboratory based. As mentioned 
earlier, this study combined the three central categories (-1, 0 & +1) of the thermal sensation scale 
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and assessed them as acceptable, while the APD was calculated from the share of the two extreme 
categories (-3 & -2) and (+2 & +3) from the thermal sensation votes.  
 
A - Air Temperature 
 
B - Relative Humidity 
 
C - Air Velocities 
Figure 4: Seasonal Air Temperatures, Relative Humidity and Air Velocities in the Theatres 
 
Table 6 and Figure 4 reveal that the April air temperature values were the highest in both theatres, 
as was expected, it was the hottest period of the year in Kano, with the external air temperature 
reaching as high as 37.5 ˚C recorded around AKTH. It is understood from the table that the internal 
air temperatures were following the external temperatures in the spaces during midseason and 
summer, but that was not the case for FEES during the winter. The air velocity values recorded 
were both highest and lowest in FEES, and were expectedly higher in April and lowest in January, 
when fans are not operated, they stood at 0.65 m/s (SD = 0.06) and 0.02 m/s (SD = 0.03) 
respectively. The design capacities of the two theatres are equal: that is 120 seats, but the 
occupancy levels during the surveys were different. AKTH was occupied by about one third of its 
design capacity across the three surveys, while FEES was full to its design capacity on all the three 
occasions. 
 
Survey results 
The surveys were undertaken across in the three seasons, females accounted for 22% of the 
students-dominated respondents and 75% of them were 26 years and above. From the clothing 
ensembles section of the questionnaire, clo values were found to differ across the seasons. The 
highest mean value of 0.72 clo (SD = 0.13) was recorded in January and the least of 0.60 clo (SD = 
0.11) was recorded in April. Whereas metabolic rate for lecturing and listening was fixed at 1.2 
met.  
 
It is during the summer that the effect of high temperature is more problematic in the Kano region, 
therefore the analysis of the possible overheating using the subjective votes is restricted to the 
summer results only. It is also noteworthy that during this season ceiling fans were operated 
practically in every naturally ventilated building in the region, therefore the thermal acceptability 
levels in both spaces were calculated based on this fact. The levels of thermal acceptability shown 
by the respondents in AKTH and FEES were respectively 76% and 81%. Indoor climates of the 
learning environments during the survey were on average four degrees warmer than the ASHRAE 
comfort standard prescriptions but caused less thermal discomfort than expected. However 
despite the high levels of acceptance, 24% and 40% of the respondents reported that the theatres 
were respectively “hot”. On the question of their preferences, 29% in AKTH and 62% in FEES 
preferred cooler environments, and surprisingly up to 4% of them in AKTH wanted to be warmed. 
In AKTH up to 96% of the respondents were happy with the air speed of 0.63 m/s while 80% showed 
their acceptance of 0.65 m/s air speed in FEES. Figure 5 shows the thermal acceptability, sensation, 
preference and acceptability of air movement of the students in both theatres during the season.  
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Figure 5: Thermal Acceptability, Sensation and Preference and air movement during the Summer 
 
 
Overheating Analysis 
A space is said to be overheated during the occupied hours when the operative temperature 
exceeds a threshold comfort temperature and the severity of the overheating in any given day 
is a function of its duration and a rise in temperature above the threshold (CIBSE TM52 (2013), 
2013). TM52 (2013) offers a pass mark to any indoor space that meets any two of the following 
three criteria: 
 
• Threshold temperature should not be exceeded by more than 3% of occupied hours 
per year; 
• Daily weighted exceedance shall be less than or equal to six degree hours; and 
 
A- Thermal acceptability 
 
B – Thermal sensation 
 
C – Thermal preference 
  
D – Air movement                         
4%
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20%
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29%
17%
2%
17%
2%
17%
18%
13%
13%
7%
11%
12%
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Comfortable Moderately comfortable Uncomfortable
0%
0%
0%
0%
9%
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16%
13%
51%
45%
19%
19%
5%
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AKTH
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Cold sensation Comfortable Warm sensation
7%
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22%
22%
36%
36%
27%
0%
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0%
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FEES
Want cooler Want no change Want warmer
7%
3%
20%
7%
27%
24%
16%
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18%
11%
11%
0%
12%
4%
8%
AKTH
FEES
Acceptable Moderately acceptable Unacceptable
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• Operative temperature not exceeding the threshold upper limit (Tupp). 
 
 
 
A - AKTH temperature time series 
 
B - FEES temperature time series 
Figure 6: Temperature time series of the theatres 
 
The charts in Figure 6 show the temperature time series of AKTH and FEES respectively, for the 
entire period of the fieldworks, bounded by upper and lower temperatures (Tmax and Tmin). Various 
other values of temperatures were displayed in the charts, external (Tex), internal (Tar-in), mean 
radiant (Tmr), running mean outdoor (Trm) and fan assisted modified upper (Tmax-fan). The upper limit 
temperature (Tmax) as defined by the international comfort standards was found to be raised as a 
result of the action of the ceiling fans in the spaces by 2 °C (Tmax-fan). Using the running mean 
temperature (Trm) as an indicator, it can be seen from the charts that, for the majority of the period 
the Trm was within the original comfort zone, in line with the adaptive comfort approach (ACA) for 
80% acceptability (see equations 2 and 3) (CEN, 2007).  However, in both spaces, the Trm crossed 
the Tmax in FEES theatre from March, 26 onwards and from April 02, in AKTH. However, due to the 
fans’ action the theatres became acceptable, as can be seen from the charts that the Trm did not 
cross the new limit (Tmax-fan). 
                Tmin = 0.33Trm + 15.8 ……………………………………………………..      (2) 
  Tmax =0.33Trm + 21.8   ……………………………………………………        (3) 
Where Tmin and Tmax are the lower and upper ranges of allowable temperatures for 80% acceptability limits and 
Trm is the exponentially weighted running mean outdoor temperature (CEN, 2007). 
The charts in figure 7 below shows the percentages of exceedances (x-axis) and number of degree 
deviation away from the neutral temperature (y = 0) in AKTH and FEES respectively for the occupied 
period of the surveys. The charts indicate the percentages of times in the theatres crossed the Tmax 
for the entire period. The dotted and yellow lines in the charts (Tmax-fan and Tupp) denote the action 
of ceiling fans in the theatres as a result of which overheating was reduced by 31% and 22% in 
AKTH and FEES and reduces discomfort to 15% and 10% of the time respectively. The charts in 
Figure 8 however, show the percentage of degree day’s exceedances the internal temperatures led 
to overheating, but the fans’ actions reduced the discomfort to less than 5% in both spaces. This 
confirms that introducing the ceiling fans can improve the thermal qualities of naturally ventilated 
indoor spaces even in sub-Saharan Africa as opined by Nicol (2004). 
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A - AKTH Theatre 
 
B - FEES Theatre 
Figure 7: Percentage of exceedances in the theatres 
 
 
A - AKTH 
 
B - FEES 
Figure 8: Percentage of degree day’s exceedances in the theatres 
Discussion 
The ASHRAE Standard 55-2013, which sums up the recommendations of the major international 
comfort standards, specifies the values of air velocity required to compensate for elevated 
temperatures. These values range from 0.2 m/s up to 1.2 m/s are said to offset elevated 
temperatures above summer comfort threshold under occupant control up to a limit of 30 °C. The 
results and subsequent analysis from this study indicate that the overall thermal sensation in both 
theatres was warm during the summer. These values were arrived at using PMV model, following 
the provisions of the thermal comfort standards such as (ISO (2005), 2005). Similarly the 
overheating analysis from Figures 6, 7 and 8 also confirmed that the two spaces were overheated 
during the season, however the cooling effect brought about by the action of the ceiling fans made 
them acceptable to vast majority of the occupants. The increment of 2 °C in comfort temperature 
as a result of the elevated air speed was obtained using the ASHRAE 55 or ISO 7730 or CEN 15251 
charts from Figure 1. It is to be noted that the highest air velocity measured during the surveys in 
this study was 0.65 m/s, which offset 2 °C, it therefore means that only about 1.3 °C could further 
be offset should the air velocity reach the allowable 1.2 m/s using the same chart.  
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The study found differences in magnitude in the results of AMV with those of PMV during the 
surveys. This is shown by correlating the differences in thermal mean votes (PMV minus AMV) 
against the air velocity, the regression line depicts a strong negative relationship, meaning that 
with an increase in air velocity the difference between the two indices reduces (see figure 9). This 
is in agreement with studies conducted in similar climatic regions of the world (Brager et al., 2004; 
Candido et al., 2010; Nicol, 2004; Zhai et al., 2013). The results of the AMV during the surveys were 
different to those of PMV model, though the differences were not so large, it still shows that 
PMV/PPD model predicted a warmer perception than was found in actuality during both summer 
and winter, this is also in agreement with especially the adaptive thermal comfort studies around 
the world (Buratti & Ricciardi, 2009; Humphreys & Nicol, 2002; Nicol et al., 2012). 
 
 
Figure 9: Air velocity versus thermal mean votes (PMV – AMV) 
 
The summer PMV model results from the spaces (1.56 and 2.02 for FEES and AKTH respectively) 
clearly show that the spaces were uncomfortably warm, similarly the AMV results show they were 
warm but lower than as PMV stated. On the other hand, the requirements of the adaptive thermal 
comfort approach of CEN 15251 (2007) for buildings type II stated that the operative temperatures 
(Top) in indoor spaces should lie within the upper and lower boundaries (Tmax and Tmin) of the 
calculated comfort range temperatures. From the same Table 6 above, it can be seen that the 
calculated Top in the spaces across all the seasons, with exception of AKTH during the summer, fell 
within the said boundaries. However, when the Tmax-fan was introduced as a result of fan action, the 
thermal conditions in AKTH also become acceptable. The lowest boundary of the comfort range 
during the winter was 23.7 ˚C, while the upper boundary during the summer was 33.8 ˚C. This 
adequately contained the highest point reached by the Top and therefore signifies that EN 15251 
could therefore be used in predicting thermal conditions in Kano region. 
 
Nevertheless, it seems that the provisions made by international comfort standards were done 
with less consideration of the sub-Saharan Africa in mind. For example, using these standards’ 
recommendations, the data presented in Table 6 and Figures 6, 7 and 8 indicate that the spaces 
were overheated during the summer, and although the ceiling fans had greatly enhanced their 
thermal qualities and became acceptable to most of the occupants, the spaces still did not satisfy 
all the three overheating criteria recommended by CIBSE TM52. This could be explained by the fact 
that this comfort standard considered only the UK situations when compiling the thresholds. 
Similarly, one of the acceptability conditions imposed by ASHRAE 55 on prevailing mean outdoor 
temperature limit is a range of between 10 °C and 33.5 °C, and in this study all the mean summer 
temperatures recorded were found to be above this limit. 
 
Conclusion 
The study investigated the possibility of overheating in two lecture theatres in Bayero University, 
Kano, and how ceiling fans raised the levels of their thermal acceptability. Various physical 
parameters were measured which culminated in calculating comfort indices and concurrently the 
occupant were subjected to a survey to determine their actual comfort perceptions. The physical 
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measurements and surveys were conducted from August 2016 to May 2017 and comparisons were 
made between the experimental and surveyed data obtained from the theatres as well as against 
thresholds of relevant international comfort standards. In line with the results obtained by 
previous thermal comfort studies, this study also found discrepancies between the measured 
indices and the perceived results, as well as with the comfort standards’ thresholds. The PMV/PPD 
model overestimated the thermal perceptions of the respondents in both summer and winter. This 
divergence may not be unconnected with the situations of the dominant climatic conditions of the 
region under study, which were found to be outside the acceptability limits of the comfort 
standards. The theatres were found to be hot based on the results of the thermal indices 
recommended by the standards, however the use of ceiling fans (though operated at 0.65 m/s and 
below) was found to be very productive, it raised the Tmax by 2 °C and thereby enhanced the thermal 
conditions of the theatres. It is however believed that higher air velocity than what this study 
obtained can further enhance the thermal qualities of buildings in Kano region. 
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